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b SUMMARY 
- T K I  important parameters affecting integrating sphere reflectometer 
efficiency and accuracy are the sphere wall reflectance characteristics 
and the detector directional response. The directional and bidirectional 
reflecrance properties of MgO sphere wall coatings (smoke and pressed pow- 
der) were measured as a function of age and angle and polarization of inci- 
dent radiation at wavelengths between 400 and 2500 nm. 
reflectance increased slightly with angle of incidence. For large angles 
The directional 
of incidence, the bidirectional reflectance was very non-diffuse both in 
and out  of the plane of incidence. Degradation of the reflectance with age 
is almost entirely due t o  atmospheric moisture and progresses slowly after 
the first two weeks. Pressed MgO powder, in comparison to smoked MgO, is 
easier t o  prepare, more uniform optically, and more durable. Thick coat- 
ings of the smoked surface, however, have higher reflectance, degrade less 
with age, are more depolarizing and more diffuse. For maximum measurement ac- 
curacy, a thick smoked MgO wall coating is superior. 
teristics of a photomultiplier tube were a l s o  mezsurec! for i z z L d ~ i i ~  EiiEi'gY 
of two polarizations and for three tube envelope conditions. The detector 
w a s  found to be very directionally sensitive unless coated with MgO smoke. 
The directional charac- 
With this treatment, the detector was essentially cosine in response. Recom- 
mendations for significant improvements in equipment and operational techniques 
are presented. 
INTRODUCTION 
For over a dozen years, integrating sphere reflectometers have provided 
a relatively accurate method of determining the solar absorptance of opaque 
solid materials. 
the thermal performance of hundreds of spacecraft. The sophisticated missions 
of the present generation of spacecraft require even more accurate knowledge 
of the thermal properties of the component surfaces. 
These values have been used in predicting and optimizing 
The relative importance and magnitudes of the many small uncertainties 
in integrating sphere measurements have been evaluated by TRW Systems in an 
error analysis report to the Jet Propulsion Laboratories (JPL Purchase Order 
Number ES-453477) l 5  From that analysis, it became apparent th,t careful 
measurements of certain integrating sphere parameters were needed to accu- 
rately determine the total errors. 
This report describes the investigation of the two main areas which 
needed further study; the sphere wall reflectance characteristics, and the 
radiation detector directional response. The directional and bidirectional 
r3fLectance properties cf MgO s~hcr:: wal l  csatinzs ( n n o k  Giyd ~ LLDr3CU t.'"\Y"sL; --..e' --' 
were measured as a function of age and angle and polarization of incident 
radiation at wavelengths between 400 and 2500 nm. The directional charac- 
teristics of a photomultiplier tube were also measured for incident energy 
of two polarizations and for three tube envelope conditions. Based on the 
results of this work, a number of recommendations for significant improve"- 
ments in equipment and operational techniques can be made. 
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1.0 SPEJ,E?E WALL COATING 
1.1 SUMMARY 
Severa l  smoked and pressed  powder MgO samples were prepared and meas- 
ured f o r  d i r e c t i o n a l  r e f l e c t a n c e  a t  s e v e r a l  ages  up t o  one month. The 
smoked and pressed  powder samples degraded s i m i l a r l y  w i t h  age,  t h e  degrada- 
t i o n  of t h e  powder be ing  more severe. 
wavelengths below and above the  0.6 t o  0.8 micron reg ion .  The degrada t ion  
began almost immediately a f t e r  sample p r e p a r a t i o n  and cont inued f o r  approxi- 
mately two weeks. A c o n t r o l  sample s t o r e d  i n  a d ry  n i t r o g e n  gas  f i l l e d  
d e s s i c a t o r  degraded only s l i g h t l y  a f t e r  one month. 
p l e  w a s  prepared us ing  MgO powder and w a s  measured b e f o r e  and a f t e r  baking 
a t  3 5 O o C  f o r  one hour.  
t h i s  t r ea tmen t ,  the  ag ing  of t h i s  s a m p l e  w a s  even more r a p i d  than  t h e  unbaked 
samples. There seems t o  be no good method of p reven t ion  of t h i s  aging.  A 
cont inuous dry  gas  purge o r  lowering of t h e  relative humidity w i l l  only s l o w  
down the  degrada t ion .  
The wors t  degrada t ion  occurred  a t  
One pressed  powder s a m -  
Although t h e  r e f l e c t a n c e  d i d  rise s l i g h t l y  due t o  
The consequences of t h i s  type of deeradetion are: 
a. There is  a decrease  i n  r e f l ec tomete r  e f f i c i e n c y  and 
s igna l - to-noise  r a t i o  due t o  lower sphere  w a l l  r e f l e c t a n c e .  
b. There is  a g r e a t e r  s i g n i f i c a n c e  of t he  "f i rs t -bounce" 
energy,  which is  i n c i d e n t  on the  d e t e c t o r  a f t e r  only one 
bounce o f f  t h e  sphere  w a l l  ( t h i s  makes many of t h e  poss i -  
b l e  e r r o r s  l a r g e r ) .  
c. It is  necessary  t h a t  bo th  hemispheres and a l l  p o r t s  be 
coated a t  t h e  same t i m e  t o  h e l p  a s s u r e  a uniform sphere  
w a l l  r e f l e c t a n c e  a t  any p a r t i c u l a r  t i m e  t h e r e a f t e r .  
Af t e r  measuring t h e  d i r e c t i o n a l  r e f l e c t a n c e  of MgO samples of v a r i o u s  
th i cknesses ,  i t  w a s  found t h a t  a smoked coa t ing  two m i l l i m e t e r s  o r ' g r e a t e r  
i n  th i ckness  has  t h e  h i g h e s t  r e f l e c t a n c e ,  is  most d i f f u s e  and depo la r i z ing ,  
and, t h e r e f o r e ,  w i l l  p rovide  t h e  most a c c u r a t e  d a t a  when used as a sphere  
w a l l  coa t ing .  
-1- 
A s i g n i f i c a n t  r e s u l t  of t h i s  s tudy  was t h e  in-depth s t u d y  and e l i m i -  
n a t i o n  of c e r t a i n  major i n t e g r a t i n g  sphe re  measurement e r r o r s .  I n  t h e  
a t tempt  t o  provide  the  most a c c u r a t e  va lues  o b t a i n a b l e  f o r  t h e  d i r e c t i o n a l  
r e f l e c t a n c e  of t he  MgO s u r f a c e s ,  several r e l a t i v e l y  l a r g e  e r r o r s  were 
analyzed and e i t h e r  e l imina ted  by more s o p h i s t i c a t e d  measurement techniques 
- 
o r  c a l c u l a t e d  o u t  of t h e  d a t a .  These e r r o r s  i nc lude :  
a.  S u b s t i t u t i o n  e r r o r  
b .  E r r o r s  r e s u l t i n g  from t h e  azimuthal  and p o l a r  angular  
dependence of t h e  l ead  s u l f i d e  c e l l  and pho tomul t ip l i e r  
tube  d e t e c t o r s .  
c. E r r o r s  due t o  t h e  selective p o l a r i z a t i o n  response of t h e  
d e t e c t o r s .  
d. P o r t  l o s s  e r r o r s .  
e. Reference s i g n a l  measurements e r r o r s  r e s u l t i n g  from 
non-normal beam inc idence .  
f .  E r ro r s  due t o  d i r e c t  i r r a d i a t i o n  of t h e  d e t e c t o r s  and/or  
d e t e c t o r / s p h e r e  geometry. 
Inco rpora t ion  of t h e  t echn iq~rs  ar,d nalcii:atlons wl~ i c-h WeTP ??sed i.2 
t h i s  s tudy  has  r e s u l t e d  i n  h ighly  accu ra t e  va lues  of s p e c t r a l  d i r e c t i o n a l  
r e f l e c t a n c e  f o r  va r ious  PfgO su r faces .  This  d a t a  may now be used t o  q u a n t i f y  
I 
many of t h e  r e f l e c t a n c e  measurement e r r o r s  which must, u n t i l  b e t t e r  wall 
coa t ings  are developed o r  d i scovered ,  remain fundamental  l i m i t a t i o n s  on ; 
, 
1 measurement accuracy. I 
The b i d i r e c t i o n a l  r e f l e c t a n c e  (BDR) of smoked and pressed  powder MgO 
samples w a s  measured as a func t ion  of a number of parameters. It w a s  found 
t h a t  smoked MgO i s  more d i f f u s e  than  pressed  MgO powder. For p o l a r  ang le s  
' of inc idence ,  81, less than  40°, the  samples  appeared t o  be q u i t e  d i f f u s e .  
Polar-  At l a r g e r  va lues  of 81, forward and backward s c a t t e r i n g  inc reased ,  
i z e d  energy,  when i n c i d e n t  on a MgO s u r f a c e ,  i s  g r e a t l y  depolar ized .  The 
degree of d e p o l a r i z a t i o n  is  dependent upon t h e  v a r i o u s  parameters  concerning 
t h e  i n c i d e n t  beam such as wavelength and ang le  of inc idence ,  
In gene ra l ,  t h e  importance of t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  charac- 
terist ics of sphere  w a l l  coa t ings  only  p e r t a i n s  t o  t h a t  p o r t i o n  of t he  
-2- 
energy inside the sphere which has experienced only one reflection off 
the walls. (This is referred to as the "first-bounce energy".) A 
number of integrating sphere measurement errors may result from this 
"first bounce" energy 
1.2 INTRODUCTION 
An investigation has been completed to evaluate the characteristics 
of magnesium-oxide (MgO) coatings which are commonly used in integrating 
sphere reflectometers. The following are the properties of an ideal sphere 
coating : 
a. Its directional reflectance is nearly 100% for all inci- 
dent energy within the spectral region of interest. 
b. It reflects energy as a perfect diffusor, which means 
that 
The directional reflectance is  invariant with 
angle of incidence, and 
CB The bidirectional reflectance is invariant with 
angle of incidence and reflection. 
c. It reflects energy c?g 22.1 states of po1arZza;Lan e q u a l l y  
well for any angle of incidence. 
d. All reflected rays are unpolarized regardless of the 
state of polarization of the incident rays. 
e. Its reflectance properties are not significantly degraded 
by a typical optical laboratory environment. 
The properties of all real materials, of course, deviate from these 
ideals. The extent to which the real properties of MgO coatings deviate 
from the ideals largely determines the limiting accuracy with which the 
integrating sphere can be used to measure the directional reflectance of 
materials. This report presents the results of reflectance measurements 
which were performed to accurately determine the actual properties of KgO 
coatings 
1.3 MgO PREPARATIOB 
Samples of representative sphere coatings of several thicknesses were 
prepared by three methods. The methods were combustion of magnesium 
-3- 
r ibbon,  w i t h  and wi thout  an e l e c t r o s t a t i c  p o t e n t i a l  d i f f e r e n c e  between 
r ibbon ani! saiqle, and compression of ?I$ powder. 
o r  compressed upon 1-3/4" diameter  aluminum a l l o y  (7075) d i s c s .  The d i s c s  
were f a b r i c a t e d  t o  have a 1/32-inch t h i c k  r i m  t o  con ta in  t h e  c o a t i n g s ,  
r i m  h e i g h t s  w e r e  s i z e d  t o  each th i ckness  of coa t ing  prepared (See F igure  1-1). 
A l l  samplzs w e r e  depos i t ed  
The 
1.3.1 Smoked MgO Samples 
The smoked MgO samples were prepared by burn ing  tw i s t ed  magnesium 
r ibbon (Baker and Adamson A240, Code 1901) i n  a s p e c i a l  box enc losu re  which 
w a s  f r e e  of l a te ra l  d r a f t s .  The r ibbon w a s  tw i s t ed  by use  of a hand d r i l l  
and then c u t  i n t o  convenient  s e c t i o n s  approximately f o u r  inches  long .  These 
s e c t i o n s  were success ive ly  set  upon an  i r o n  screen of heavy gauge, d i r e c t l y  
below t h e  suspended aluminum s u b s t r a t e  d i s c s ,  and i g n i t e d  by use  of an 
oxygen-rich ace ty l ene  to rch .  According t o  P r i e s t  and R i l ey  (Ref. l), no 
contaminat ion of t h e  MgO coa t ings  occurs  from t h e  use  of an  i r o n  screen. 
The d i s t a n c e s  between t h e  i r o n  sc reen  and t h e  aluminum d i s c s  were 5 t o  6 
inches .  Four of t he  f i v e  samples were prepared by apply ing  an  e l e c t r o s t a t i c  
p o t e n t i a l  d i f f e r e n c e  (of s u i t a b l e  p o l a r i t y )  between t h e  i r o n  s c r e e n  and t h e  
s a m p l e  d i s c s .  The p o t e n t i a l  v a r i e d  from 3500 t o  5000 v o l t s .  These fou r  
e l e c t r c s t z t i z a l l y  -depGsite6 sample;; k i d  ~ h i c k n c s s z ~  01 1, 2, 3 ,  ~ I L C ;  4 ~TIIII 
(See Table 1). 
t h i c k .  
The one sample smoked wi thou t  an app l i ed  po ten ' t i a l  was 2 mm 
1.3.2 Compressed MgO Powder Samples 
A b o t t l e  of Reagent Grade (A.C.S.) code 1917 MgO powder w a s  ob ta ined  
from Baker and Adamson (A205). A generous por t ior .  of t h e  powder w a s  heaped 
on to  an aluminum d i s c ,  and by use  of a c y l i n d r i c a l  nylon rod wi th  roughened 
f l a t  s u r f a c e  and l e a d  weights ,  t h e  powder w a s  compressed f o r  f i v e - m i n u t e s  
a t  565 gm/cm2. 
a coa t ing  w i t h  maximum r e f l e c t a n c e  and adequate  mechanical  s t r e n g t h .  
p a r a t i v e  measurements of <he r e f l e c t a n c e  w e r e  made wi th  t h e  Beckman DK2A 
Spectrophotometer t o  determine t h e  optimum t i m e  and p res su re .  Samples  of 
2, 3,  and 4 mm th i cknesses  w e r e  p repared  (See Table 1). It w a s  observed 
t h a t  t hese  samples were q u i t e  rugged, i n c r e a s i n g l y  so  w i t h  t i m e .  Extra 
samples surv ived  i n t e n t i o n a l  drops on to  the  f l o o r  and d i d  no t  crumble when 
purposely gouged w i t h  a rod. 
The t i m e  pe r iod  and p r e s s u r e  were determined s o  as t o  y i e l d  
Com- 
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Smoked MgO Sample - 3 mm Thick r 
. 
FIGURE 1-1: PHOTOGRAPH OF PREPARED SATIPLES 
OF SMOKED AND P R E S S E D  FlgO POWDER 
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TABLE 1 
TRW NO. 
570-68 
571-68 
572-68 
576-68 
577-68 
578-68 
579-68 
580-68 
581-68 
DESCRIPTION OF SAMPLES 
PREPARATION TECHNIQUE 
Smoked w i t h  Elec t ro-  
s t a t i c  F i e l d  
Smoked w i t h  Electro-  
s t a t i c  F i e l d  
Smoked w i t h  Electro- 
s t a t i c  F i e l d  
Smoked wi th  Elec t ro-  
s t a t i c  F i e l d  
Smoked wi thout  Elec- 
t r o s t a t i c  F i e l d  
Pressed Powder 
Pressed  Powder 
Pressed  Powder 
Pressed Powder 
THICKNESS (mm) 
1 
3 
4 
-6- 
1 .4  STORAGE AND AGING 
1 . 4 . 1  Summary 
- Severa l  smoked and pressed  powder MgO samples were prepared  and meas- 
ured f o r  d i r e c t i o n a l  r e f l e c t a n c e  a t  zero  hours  age and subsequent ages  up 
t o  one month. 
w i th  age,  t h e  degrada t ion  of t h e  powder be ing  more severe. The wors t  
degrada t ion  occurred a t  wavelengths below and above t h e  0.6 t o  0.8 micron 
reg ion .  The degrada t ion  began almost  immediately a f t e r  sample p r e p a r a t i o n  
and cont inued f o r  approximately two weeks. A c o n t r o l  sample s t o r e d  i n  a 
dry n i t r o g e n  gas f i l l e d  d e s s i c a t o r  degraded only  s l i g h t l y  a f t e r  one month. 
One pressed  powder sample  w a s  prepared us ing  MgO powder and w a s  measured 
be fo re  and a f t e r  baking a t  350°C f o r  one hour. Although t h e  r e f l e c t a n c e  
d i d  rise s l i g h t l y  due t o  t h i s  t r ea tmen t ,  t h e  ag ing  of t h i s  sample was even 
more r a p i d  than  t h e  unbaked samples. There seefils t o  be  no good method of 
prevent ion  of t h i s  aging.  A cont inuous dry  gas  purge o r  lowering of t h e  
re la t ive  humidity w i l l  only slow down t h e  degrada t ion .  
The smoked and p res sed  powder samples degraded s i m i l a r l y  
The consequences of t h i s  type  of degrada t ion  are: 
a. ?here  i s  a decrease i n  r e f i e c t o m e i e r  e f f i c i e n c y  and s i g -  
nal-to-noise r a t i o  due t o  lower sphe re  w a l l  r e f l e c t a n c e .  
b. There is  a g r e a t e r  s i g n i f i c a n c e  of t h e  "f i rs t -bounce" 
energy,  which is i n c i d e n t  on t h e  d e t e c t o r  a f t e r  only one 
bounce o f f  t h e  sphe re  w a l l  ( t h i s  makes many of t h e  poss i -  
b l e  e r r o r s  l a r g e r ) .  
c. It i s  necessary  t h a t  bo th  hemispheres and a l l  p o r t s  be 
coa ted  a t  t h e  s a m e  t i m e  t o  h e l p  a s s u r e  a uniform sphere  
w a l l  r e f l e c t a n c e  a t  any p a r t i c u l a r  t i m e  t h e r e a f t e r .  
1 .4 .2  S torage  Condit ions 
I n  o r d e r  t o  s imula t e  t h e  environment of a c t u a l  i n t e g r a t i n g  sphere  
coa t ings ,  t h e  samples were s t o r e d  i n  a c losed  da rk  c a b i n e t  i n  a l abora to ry  
room used for o p t i c a l  measurements. Each sample w a s  kep t  i n  an  i n d i v i d u a l  
p l a s t i c  box w i t h  t h e  l i d  r a i s e d  enough t o  a l low air  c i r c u l a t i o n  b u t  s t i l l  
provid ing  a s h i e l d  t o  prevent  d u s t  from s e t t l i n g  d i r e c t l y  on t h e  coa t ings .  
The room w a s  a i r  condi t ioned ,  and t h e  re la t ive  humidity w a s  measured d a i l y  
and found t o  vary  between 50 and 55%. 
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1 . 4 . 3  Contro l  Samples 
I n  o r d e r  t o  detefmine t h e  e f f e c t  of mois ture  upon t h e  r e f l e c t a n c e ,  
one_ p res sed  powder sample (781-68) was kep t  w i t h i n  a n i t r o g e n  gas  purged 
d e s s i c a t o r  i n  t h e  same cab ine t .  
1 .4 .4  Ref lec tance  Measurements 
The d i r e c t i o n a l  r e f l e c t a n c e  tests were measured i n  a Gier  Dunkle 
I n t e g r a t i n g  Sphere a t  an ang le  of 10" and w i t h  the. i n c i d e n t  beam having 
the  normal p o l a r i z a t i o n  produced by the  Perkin-Elmer Model 99 Monochro- 
mator w i t h  a fused  q u a r t z  prism. 
ured w i t h i n  one hour a f t e r  p r e p a r a t i o n  a t  seven wavelengths ( . 4 ,  .6,  .8, 
1.0, 1.5, 2.0, and 2.5 microns) i n  t h e  s o l a r  reg ion .  The samples  
were re-measured 2 hours ,  24 hours ,  72 hours ,  one week, and one month 
a f t e r  p repa ra t ion .  Two samples w e r e  a l s o  remeasured a f t e r  two and t h r e e  
weeks, and t h e  c o n t r o l  sample w a s  remeasured only a f t e r  one month. Care 
w a s  taken t o  o r i e n t  t h e  samples i n  t h e  same r e l a t i v e  p o s i t i o n  i n  t h e  
i n t e g r a t i n g  sphere  f o r  each test. 
The r e f l e c t a n c e  of each sample  w a s  meas- 
1.4.5 Resu l t s  
Since a measure of degrada t ion  w i t h  t i m e  vas t h e  q u a n t i t y  d e s i r e d ,  
t h e  d i r e c t i o n a l  r e f l e c t a n c e  measurements were n o t  co r rec t ed  f o r  p o r t  
l o s s e s ,  and a d u a l  d e t e c t o r  mount (PbS c e l l  mounted on pho tomul t ip l i e r  
tube)  was used. 
1 - 2 as r e f l e c t a n c e  ve r sus  wavelength,  w i t h  t i m e  as a parameter. Com- 
p l e t e  d a t a  f o r  a l l  samples are presented  i n  t h e  Appendj.x, F igures  A1 - A9. 
The r e p r e s e n t a t i v e  d a t a  i s  shown graphed i n  F igure  
i 
! 
1.4.6 Discuss ion  of R e s u l t s  
It can be  seen  t h a t  t h e  smoked and p res sed  powder samples  degraded 
s i m i l a r l y ,  the degrada t ion  f o r  t h e  powder be ing  more severe. A f t e r  two 
hours ,  a s m a l l  degrada t ion  had occurred beyond 2 microns only.  Af t e r  one 
day, t h i s  drop i n  t h e  i n f r a r e d  had increased .  A t  t h e  end of t h e  three-day 
test ,  a decrease  w a s  a l s o  measured a t  .4  microns i n  t h e  u l t r a v i o l e t .  This  
g e n e r a l  degrada t ion  cont inued f o r  about  one t o  two weeks a f t e r  which t i m e  
f u r t h e r  decreases  were s l i g h t .  For t h e  purpose of d i r e c t  comparison, t h e  
s p e c t r a l  r e f l e c t a n c e  of f r e s h  (0 hours)  and aged (672 hours) samples of 
smoked and p res sed  powder MgO samples are shown i n  F igure  1-2. In a d d i t i o n ,  
- 
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FIGURE 1-2: SPECTRAL DIRECTIONAL REFLECTANCE OF MgO COATINGS 
AS A FUNCTION OF AGE 
Smoke - 3mm Thick (572-68) 
Powder - 4mm Thick (580-68) 
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t h e  rate of degrada t ion  of t hese  two samples i s  shown i n  F igure  1-3. N o  
d e t e c t a b l e  d i f f e r e n c e  between e l e c t r o s t a t i c a l l y  smoked and normally smoked 
coa t ings  w a s  d i s c e r n i b l e  i n  terms of aging.  
a f t e r  one month i n  che dry n i t r o g e n  gas  f i l l e d  d e s s i c a t o r  degraded a very  
s l i g h t  amount, equ iva len t  t o  about  one day i n  a i r  (See Appendix, F igu re  
A-9) .  (The a c t u a l  exposure of t h e  c o n t r o l  sample t o  t h e  atmosphere a f t e r  
t h e  i n i t i a l  measurement w a s  one hour.)  
The c o n t r o l  sample  (581-68) 
1 .4 .7  Baking of MgO Powder 
Since i t  w a s  n o t  known how long t h e  commercially prepared MgO powder 
might have been exposed t o  t h e  atmosphere dur ing  manufacture,  baking exper i -  
ments were t r i e d .  The r e s u l t  of mois ture  on MgO i s  the  formation of magne- 
sium hydroxide (Bruc i t e ) .  It w a s  be l i eved  ( c o r r e c t l y  so)  t h a t  formation 
of Mg(OH)2 i n  MgO depresses  t h e  r e f l e c t a n c e .  Therefore ,  a sample was 
p laced  i n  an  oven a t  a temperature  above 35OoC,  t h e  d i s s o c i a t i o n  tempera- 
t u r e  of Bruc i t e ,  f o r  24 hours  i n  o r d e r  t o  d r i v e  o f f  t he  ON-radical, and 
thus  raise t h e  r e f l e c t a n c e  level. Indeed, t he  r e f l e c t a n c e  d i d  rise bu t  by 
approximately 1% only.  
r a p i d  than  unbaked samples,  so  no advantage w a s  achieved. 
The aging process  on t h i s  s a m p l e  was even more 
1.4.8 Conclusions 
These tests i n d i c a t e  t h a t  t h e  atmospheric  water mois ture  conten t  of 
a t y p i c a l  a i r -condi t ioned  o p t i c s  l a b o r a t o r y  degrades the  r e f l e c t a n c e  of 
MgO powder and smoke s i g n i f i c a n t l y  over  a pe r iod  of a few weeks. 
reducing t h e  r e l a t i v e  humidity t o  30 t o  40% i n s r e a d  of t h e  50 t o  55% meas- 
ured a t  t h i s  l a b o r a t o r y ,  t h e  rate of degrada t ion  would decrease ,  b u t  t h e  
Ey 
long-term r e f l e c t a n c e  va lues  would probably b e  similar. A cont inuous 
purge of dry  gas  w i l l  a l s o  slow t h e  ag ing  p rocess  cons iderably ,  b u t  f r e -  
quent  exposure t o  a i r  during sample i n s e r t i o n  and removal w i l l  u l t i m a t e l y  
cause the same decrease  i n  u l t r a v i o l e t  and i n f r a r e d  r e f l e c t a n c e .  
-10- 
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1.5 DIRECTIONAL REFLECTANCE 
i.5.i Summary 
Integrating sphere reflectometer theory prescribes that the internal 
.- 
sphere wall coating be highly reflecting, diffuse and depolarizing for 
maximum measurement accuracy. This section describes the experimental 
study performed to determine these characteristics for MgO surfaces as a 
function of method of application, thickness and wavelength. The results 
permit a quantitative determination of the optimum MgO surface. 
It was found that a smoked MgO coating, two millimeters or greater 
in thickness, has the highest reflectance, is most diffuse and depolarizing 
and, therefore, will provide the most accurate data when used as a sphere 
wall coating. 
A more significant result of this portion of the study, however, was 
the in-depth study and elimination of certain major integrating sphere 
measurement errors. In the attempt to proyide the most accurate values 
obtainable for the directional reflectance of the MgO surfaces, skveral 
relatively large errors were analyzed and either eliminated by more sophis- 
ticated measurement techniques or calculated out of the data .  These errlprs 
include : 
a. 
b. 
C. 
d. 
e. 
f. 
Substitution error. 
Errors resulting from the azimuthal and polar angular 
dependence of the lead sulfide cell and photomultiplier 
tube detectors. 
Errors due to the selective polarization response of 
the detectors. 
Port loss errors. 
Reference signal measurements errors resulting from 
non-normal beam incidence. 
Errors due to direct irradiation of the detectors and/or 
detector/sphere geometry. 
Incorporation of the techniques and calculations which were used in 
this study has resulted in highly accurate values of spectral directional 
reflectance for various MgO srufaces. This data may now be used to quan- 
tify many of the reflectance measurement errors which must, until better 
-12- 
J 
wall coatings are developed or discovered, remain fundamental limitations 
on measurement accuracy. 
1.5.2 Introduction 
In the course of the directional reflectance measurements, several 
modifications of the standard integrating sphere reflectometer and meas- 
urement techniques were used to increase accuracy. Errors which were cal- 
culable were computed and removed from the directional reflectance values, 
The limitations included: 
a. Substitution error. 
b. Direct irradiation of detectors/detector geometry. 
c. Azimuthal angle dependent detector response. 
d. Polar angle dependent detector response. 
e. Polarization dependent detector response. 
f. Entrance port losses 
The following sections describe the measurement apparatus and pro- 
cedursg and the nethods used tu c : c ~ ~ n p ~ n s a c ~  f o r  the P,TTCYS rczc",iSr=cc! above. 
The directional reflectance measurement results are also presented and 
discussed. 
1.5.3 Measurement Parameters 
Using the Gier Dunkle Integrating Sphere Reflectometer, the direc- 
tional reflectance of four electrostatically smoked MgO samples (1, 2, 3 ,  
and 4 mm thick), one non-electrostatically smoked MgO sample (2 mm thick) 
and two pressed MgO powder samples ( 3  and 4 mm thick) were measured at the 
following wavelengths and angles of incidence and incident beam polariza- 
tion characteristics: 
A = 0.4,  0 . 6 ,  0.8, 1.0, 1.5, 2.0 and 2.5 microns, 
Bi = 0", lo", 30", 40°, 50°, 75" from normal, 
Incident beam polarized parallel and perpendicular to the 
plane of incidence. 
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1.5 .4  Description of Measurement Apparatus 
Measurements of directional reflectance were performed with an inte- 
grating sphere reflectometer (Model DIS-4A), designed by Edwards, e t  aZ., 
(Figure 1-4) and manufactured by Gier Dunkle Instruments, Santa Monica, 
California. In this instrument, a hydrogen lamp is used in the ultraviolet 
and short visible region (A < .!5p), and a tungsten strip lamp is used for 
the longer wavelengths. The dispersion system is a Model 99 Perkin Elmer 
Monochromator (double pass). 
are coated with a three millimeter thick diffusing MgO smoke layer. Test 
specimens are mounted at the center of the sphere on a rotatable sample 
holder. PbS cell and photomultiplier detectors are mounted in the bottom 
of the sphere directly below the sample. The 13 cps chopped output signal 
is amplified by a Brower Laboratories Model 129A Lock-In Amplifier, and 
the resultant signal is displayed on a Non-Linear Systems Model 2900 digital 
voltmeter. 
The integrating sphere (8 inches 1.D.) walls 
During early reflectance measurements under this program, it was 
found that the energy source housing introduced a large heat load into the 
monochromator which, in comhinntion wirh the monochrmetor k ~ t e r s ,  prc- 
duced a temperature cycling of the prism. This, in turn, caused variations 
in the monochromator output wavelengths, and reproducible results were not 
obtained. 
I 
This problem was eliminated by inserting a water-cooled heat sinki 
I 
between the source housing and the monochromator. 
1.5.5 Measurement Procedure 
I 
! 
I 
After allowing a sufficient time for the electronic system to warm up 
and alignment of the optics, the directional reflectance measurements were 
performed with the following procedures: 
a. The prescribed wavelength and slit width were set. 
b. The Glan-Thomson polarizer was rotated to the position which 
corresponded t o  the incident energy polarized either parailel 
or perpendicular to the plane of incidence of the sample. 
-3.4- 
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c. The n u l l  s i g n a l  s e t t i n g  w a s  confirmed. 
d.  The 100% re fe rence  w a s  ob ta ined ,  us ing  t h e  sphere  i n  t h e  
a b s o l u t e  mode of o p e r a t i o n ,  by d i r e c t i n g  the i n c i d e n t  energy 
on to  t h e  sphe re  w a l l  a t  a n  a n g l e  of 40' from t h e  normal t o  
t h e  w a l l  (See F igu re  1-5). I n  o r d e r  t o  reduce t h e  " subs t i -  
t u t i o n "  e r r o r ,  t h e  sample w a s  r o t a t e d  t o  face the  r e f e r e n c e  
s p o t  dur ing  the re fe rence  s e t t i n g .  
e. The i n c i d e n t  beam w a s  d i r e c t e d  onto  t h e  sample. 
f .  The sample w a s  r o t a t e d  t o  each p o l a r  a n g l e  of i n t e r e s t ,  and 
t h e  r e f l e c t a n c e  w a s  read on a d i g i t a l  vo l tme te r .  
g.  These r ead ings  were recorded on t h e  d a t a  s h e e t  as shown i n  
F igure  1-6 (These d a t a  were la ter  c o r r e c t e d  f o r  known e r r o r s ) .  
1.5.6 El imina t ion  of Typica l  E r ro r s  from Ref lec tance  Data 
During t h e  d i r e c t i o n a l  r e f l e c t a n c e  measurement program, i t  w a s  found 
that  s p e c i a l  measurement techniques  could be employed t o  reduce o r  e l i m i -  
n a t e  some of t h e  known e r r o r s .  I n  a d d i t i o n ,  some of t h e  e r r o r s  were cal- 
c u l a b l e ,  and t h e  r e f l e c t a n c e  d a t a  w a s  t h e r e f o r e  c o r r e c t e d  t o  e l i m i n a t e  
t h e s e  known e r r o r s .  
1.5.6.1 S p e c i a l  Techniques t o  El iminate  Cer t a in  E r r o r s  
The S u b s t i t u t i o n  Er ro r  arises i n  normal o p e r a t i o n  because a d i f f e r e n t  
f r a c t i o n  of the  t o t a l  energy i s  absorbed by t h e  sample and sample 
ho lde r  dur ing  t h e  100% re fe rence  measurement than  i s  absorbed dur ing  
t h e  sample measurement. This  occurs  because a f r a c t i o n  of t h e  energy 
i n i t i a l l y  r e f l e c t e d  from t h e  w a l l  i n  t h e  100% r e f e r e n c e  mode i s  par- 
t i a l l y  absorbed by t h e  low r e f l e c t a n c e  back and s i d e  o f ' t h e  sample, 
whereas t h e  corresponding energy r e f l e c t e d  from t h e  w a l l  a f t e r  being 
r e f l e c t e d  from t h e  sample i n  t h e  sample mode i s  i n c i d e n t  on t h e  sample 
face 
This  e r r o r  w a s  l a r g e l y  e l imina ted  by tu rn ing  t h e  sample t o  f a c e  t h e  
r e f e r e n c e  "spot" dur ing  t h e  200% measurement. 
t h e  measurement t i m e  by one t h i r d .  This  e r r o r  i s  i l l u s t r a t e d  i n  
Figure  1-7. 
tometer would be t o  e l e c t r i c a l l y  connect  t h e  sample ho lde r  r o t a t i o n  
This  technique inc reased  
A minor and appa ren t ly  easy  mod i f i ca t ion  of t h e  r e f l e c -  
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FIGURE 1-5: TOP VIEW OF CROSS SECTION OF INTEGRATING SPHERE 
SHOFlING STANDARD DUAL DETECTOR MOUNTING 
AND s r x  I~E.U~AT-EXI ~ i !  XEFERENCE BW 
1 
PbS Cell Detector 
Active Area of 
1 cn x 1 cm 
Spot  I r r ad ia t ed  
by Reference B 
(= 8m X 8m) 
PM Tube Detector 
with 7/16 inch d ia .  
l e  Orientat ion 
during 100% Referen 
Measurement 
Entrance Port  
(1 inch diameter) 
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FIGURE 1-6: DIRECTIONAL REFLECTANCE DATA SHEET 
GIER-DUNKLE INTEGRATING SPHERE SAMPLE NO. , q&o -68 
OPERATOR 93P.y 
- SOURCE - WNGSTEN AND fEDROGEN LAMP SOLAR ABSORPTANCE, as 
DETECTOR - PHOTOMULTIPLIW AND LEAD SULFIDE CELL 
PRISM - QUARTZ 
SAMPLE DESCRIPPION 
- ia- 
FIGURE 1-7 
I l l u s t r a t i o n  of S u b s t i t u t i o n  Er ro r  
d 
on wall dur ing  r e f e r e n c e  s e t t i n g  rl a 
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mechanism with the rotating mirror in the transfer optics. 
proper stop, the samp3.e would automatically rotate t o  face the 
reference spot in the reference mode and then rotate back to the 
proper angle of incidence in the sample mode. 
With a 
The azimuthal angular dependence of the PbS cell detector was elimi- I 
nated by covering it with an insulated piece of aluminum foil with 
a centered one-centimeter diameter hole (See Figure 1-16). 
The azimuthal angular dependence of the PM tube was essentially elimi- 
nated by the masking sandblast/MgO smoke treatment described in 
Section 2.3.4. 
A s  discussed in that section, the PM tube with 2 light coat of MgO 
has an essentially cosine polar angle response. 
Shaefer3, Limperis4, and Grover and Stoliar' have found the PbS cell 
detector polar angle response to vary considerably from a cosine curve. 
There should be no polar response error for specular samples, since 
the first reflection to the detectors far both reference and sample 
beams occurs for the same polar  nn.g1e ( 4 5 " )  telztive to t he  dztactijr 
shface. For imperfectly specular surfaces, however, this PbS cell , 
characteristic may produce an error. 
If reflected energy from the MgO wall coating has a net polarization 
and if the detectors are more sensitive to one type of Polarization 
than the other, the measured value of reflectance for non-specular 1 
. 
I 
1 
! 
1 
samples will be in error. Our measurements on a PM tube coated with 
a light coat of MgO have shown only a very small polarization depen- 
dence. For PbS detectors, however, Shaefer3 has reported a large 
polarization dependent response, which at present is a fundamental 
limitation on integrating sphere measurement accuracy. 
1.5.6.2 Computation of Correction Factors for Directional Reflectance 
In addition to the special techniques described above for reducing 
or eliminating some of the error sources, the reflectance data may 
be corrected for the following three errors: 
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a .  Energy l o s t  through t h e  en t r ance  p o r t  f o r  t h e  f i r s t  r e f l e c t i o n  
from the  sample. 
b 8  Reference measurement e r r o r s  due t o  non-normal beam inc idence .  
C -  
I 
D i r e c t  i r r a d i a t i o n  of t h e  d e t e c t o r s  by t h e  sample and d e t e c t o r /  
sphere  geometry. 
F o r t  Losses - For d i f f u s e  samples, t h e  amount of r e f l e c t e d  energy escaping 
out  t h e  e n t r a n c e  p o r t  must be taken i n t o  account .  I n  order  t o  measure 
samples (of diameter  'L 1 inch)  a t  ang le s  of i nc idence  g r e a t e r  than 4 5 " ,  
the  i n c i d e n t  energy must be focussed on t h e  sample.  I n  t h i s  case, t h e  
i n c i d e n t  beam n e a r l y  f i l l s  t h e  c r o s s  s e c t i o n  of t h e  entrance p o r t  (1-inch 
d iameter ) ,  so t h a t  a r educ t ion  of t h e  p o r t  s i z e  i s  n o t  p o s s i b l e .  To o b t a i n  
the most a c c u r a t e  va lues  of r e f l e c t a n c e ,  a p o r t  l o s s  c o r r e c t i o n  t e r m  must 
be app l i ed  t o  t h e  da t a .  
the  e r r o r  is  epL = 3 cos 8 .  Where 9 i s  the  ang le  of i nc idence ,  r i s  t h e  
r a d i u s  of t h e  sphe re ,  and Ap is  t h e  area of t h e  p o r t ,  
Assuming t h a t  t h e  MgO samples a r e  p e r f e c t  d i f f u s o r s ,  
I n  a d d i t i o n ,  a nea r  cos ine  p o r t  loss dependence was measured by sus- 
pending a s m a l l  area (0,015 i n 2 )  s i l i c o n  s o l a r  c e l l  i n  the  c e n t e r  of t h e  
p o r t .  These d a t a  are shown g r a p h i c a l l y  i n  F igure  1-8. Tn conpencrte fsr 
p o r t  l o s s e s ,  t h e  c o r r e c t i o n  f a c t o r  CPL = 1 9  e p ~  w a s  appl ied  t o  each meas- 
urement. For t h e  tes t  geometry used i n  t h e  p r e s e n t  i n v e s t i g a t i o n  (1" d i a .  
p o r t ) ,  epL = 0,0156 cos  6. The r e s p e c t i v e  c o r r e c t i o n  f a c t o r s  are i l l u s t r a t e d  
i n  F igure  1-9. 
F igure  1-10 i l l u s t r a t e s  t h e  d i f f e r e n c e  between t h e  c o r r e c t e d  r e f l e c -  
t ance  v a l u e s  and va lues  uncorrec ted  f o r  po r t - lo s s  e r r o r s .  
Seve ra l  r e s e a r c h e r s  (Meacock, et aZ. 6 ,  Miller and Van Kannon7, and 
Oetking') have measured a r e t ro - r e f  l e c t a n c e  v a l u e  f o r  MgO l a r g e r  than f o r  
a d i f f u s e  s u r f a c e  (See F igure  1-11). A l a r g e  r e t r o r e f l e c t a n c e  component 
would increase t h e  energy l o s t  ou t  t h e  en t r ance  p o r t  and the  a s s o c i a t e d  
c o r r e c t i o n  t e r m .  
exp res s ions  fo r  i n t e g r a t i n g  sphere  r e f l e c t a n c e  e r r o r s  which s p e c i f i c a l l y  
i n c l u d e  terms account ing f o r  r e t r o r e f l e c t a n c e  of MgO. Using t h e  r epor t ed  
Stockham and Loveg have r e c e n t l y  developed a n a l y t i c  
-21- 
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d a t a  of Oetking', they concluded t h a t  t h e  e r r o r  should probably be  neg l i -  
g i b l e .  Measurements of b i d i r e c t i o n a l  r e f l e c t a n c e  of MgO dur ing  t h i s  s tudy  
have n o t  d e t e c t e d  any s i g n i f i c a n t  r e t r o - r e f l e c t a n c e  (See d i s c u s s i o n  of 
tests- i n  Sec t ion  1 .6 .8) .  
Reference Measurement E r ro r s  Due t o  Non-Normal Inc idence  - A s  seen  i n  
F igure  1-12, t h e  r e f l e c t a n c e  of smoked and p res sed  MgO coa t ing  i s  depen- 
den t  on t h e  p o l a r  ang le  of inc idence .  F igures  1-20 and 1-21 of Sec t ion  
1.5.7 i l l u s t r a t e  t h e  dependence of s p e c t r a l  r e f l e c t a n c e  on t h e  s t a t e  of 
p o l a r i z a t i o n  of t he  i n c i d e n t  energy. Since r e f l e c t e d  energy from a c e n t r a l  
sample str ikes the  MgO-coated sphere  w a l l  a t  0",  t h e  100% r e f e r e n c e  measure- 
ment should a l s o  be performed a t  normal inc idence .  However, be fo re  the  
p r e s e n t  program t o  perform r e f l e c t a n c e  measurements of MgO w a s  begun, t h e  
common p r a c t i c e  i n  t h i s  l abora to ry  and many o t h e r s  w a s  t o  perform t h e  100% 
w a l l  r e f e r e n c e  measurement a t  an  ang le  of approximately 40" (as i n  Gier 
Dunkle Model DIS-4A Reflectometer) .  Consider ing t h e  r e f l e c t a n c e  proper- 
t ies  of MgO, t h i s  i s  a poor p r a c t i c e .  Unfor tuna te ly ,  t h i s  f a c t  became 
obvious dur ing  t h e  a n a l y s i s  of t he  r e s u l t s  a f t e r  t h e  completion of t e s t i n g  
us ing  a r e f e r e n c e  beam inc idence  angle  of 37" t o  40" .  Figure  1-5 (Sec t ion  
1.5.4) shoqs t h f s  t y p i c a l  pct5fti.oi-t of tlie reference beam U S P ~  4i.iri-ng +be 
measurements, 
An a d d i t i o n a l  test  w a s  performed t o  o b t a i n  r e l a t i v e . r e f l e c t a n c e  
va lues  f o r  I) energy s t r i k i n g  the  back of t h e  sphere  w a l l  a t  0" inc idence ,  
and 2) energy s t r i k i n g  t h e  sphere  w a l l  a t  t h e  l o c a t i o n  and a n g l e  t y p i c a l l y  
used f o r  t h e  r e fe rence  beam (40"  inc idence  a n g l e ) .  These tests were pe r -  
formed a t  each  of t h e  e i g h t  wavelengths used and f o r  each p o l a r i z a t i o n  
state. The beam l eav ing  the  monochromator w a s  p o l a r i z e d  us ing  a Glan 
Thomson p o l a r i z e r  and d i r e c t e d  onto  t h e  back of t h e  sphere w a l l  by r o t a t i n g  
t h e  sphere  about  a ver t ica l  a x i s  through the  e n t r a n c e  p o r t .  
t i o n ,  t h e  ou tpu t  w a s  p p l i f i e d  t o  read  100%. 
u n t i l  t h e  r e fe rence  beam w a s  i n  i t s  t y p i c a l  o p e r a t i o n  l o c a t i o n  and t h e  
ou tpu t  w a s  recorded.  
I n  t h i s  posi-  
The sphere  w a s  then  r o t a t e d  
This  same t e s t  was then performed a t  t h e  o t h e r  p o l a r i -  
z a t i o n  state. The d i f f e r e n c e  between t h e  o u t p u t s  a t  the  two p o l a r i z a t i o n  
states i n  t h e  t y p i c a l  r e fe rence  beam p o s i t i o n  w a s  thereby  determined. This  
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d i f f e r e n c e  r e p r e s e n t s  t h e  degree of p o l a r i z a t i o n  of t he  r e fe rence  beam i n t r o -  
duced by s t r i k i n g  t h e  sphere  wali a t  an  ang le  of inc idence  of approximately 
4 0 " .  One h a l f  of t h i s  d i f f e r e n c e  must be app l i ed  t o  a l l  measurements us ing  
completely p o l a r i z e d  i n c i d e n t  energy. The d i r e c t i o n  of t h e  c o r r e c t i o n ,  
however, depends upon t h e  p o l a r i z a t i o n  s ta te  a t  which t h e  measurement was 
performed. 
The c o r r e c t i o n  f a c t o r s  which were determined are i l l u s t r a t e d  i n  
F igure  1-13. F igure  1-14 i l l u s t r a t e s  c o r r e c t e d  va lues  and v a l u e s  uncorrected 
f o r  non-normal inc idence  of r e fe rence  beam. 
To avoid  t h i s  r e f e r e n c e  beam c o r r e c t i o n  procedure,  a more d e s i r a b l e  
r e fe rence  beam p o s i t i o n  could be a t t a i n e d  by mod i f i ca t ion  of t h e  t r a n s f e r  
o p t i c s .  Such a geometry i s  shown i n  F igu re  1-15. 
Er ro r s  Due t o  Direct I r r a d i a t i o n  of Detec tor /Detec tor  Geometry - I n  Ref. 2 ,  
de sc r ib ing  t h e  advantages of t h e  center-mounted sample type of i n t e g r a t i n g  
sphere ,  t h e  au tho r s  r epor t ed  no measureable s i g n a l  a t t r i b u t a b l e  t o  d i r e c t  
i r r a d i a t i o n  of t h e  d e t e c t o r s  which were s i n g l y  mounted d i r e c t l y  below t h e  
sample. 
t he  Edwards sphere ,  b u t  both d e t e c t o r s  are mounted on t h e  same port t o  s i m -  
p l i f y  the  o p e r a t i o n  of t h e  r e f l ec tomete r  (See F igure  1-16). The p r e s e n t  
i n v e s t i g a t i o n ,  however, has  shown t h i s  s i m p l i f i c a t i o n  t o  produce s i g n i f i -  
c a n t  d i r e c t  i r r a d i a t i o n / d e t e c t o r  geometry e r r o r s  f o r  h igh ly  d i f f u s e  samples. 
The Gier Dunkle I n t e g r a t i n g  Sphere i s  the  commercial v e r s i o n  of 
When d e t e c t o r s  are mounted o f f  c e n t e r ,  i t  i s  a l s o  probable  t h a t  t h e  
d i s t a n c e  between t h e  r e fe rence  beam image area on t h e  sphere  wa l l  and t h e  
d e t e c t o r  is  d i f f e r e n t  than  t h e  d i s t a n c e  between t h e  sample beam image area 
on t h e  sphere  w a l l  and the  d e t e c t o r .  These two areas on the  sphere  w a l l  there-  
f o r e  have d i f f e r e n t  shape f a c t o r s  t o  t h e  d e t e c t o r .  The " f i r s t  bounce" por- 
t i o n  of t h e  d e t e c t o r  s i g n a l  is  p r o p o r t i o n a l  t o  t h e s e  shape f a c t o r s .  There- 
f o r e ,  a n  e r r o r  may r e s u l t .  The combined d i r e c t  i r r a d i a t i o n / d e t e c t o r  geometry 
e r r o r  is  s i g n i f i c a n t  f o r  d e t e c t o r s  mounted o f f  c e n t e r  on a d u a l  d e t e c t o r  
mount which i s  p r e s e n t l y  s t anda rd  equipment i n  t h e  commercially manufactured 
G i e r  Dunkle I n t e g r a t i n g  Sphere Reflectomerers .  During t h e  p r e s e n t  measure- 
ments of MgO s u r f a c e s ,  i t  w a s  no t i ced  t h a t  d i f f e r e n t  r e s u l t s  were obta ined  a t  
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FIGURE 1-15: TOP VIEW OF CROSS SECTION OF INTEGRATING SPHERE 
SHOWING ltECCyMn.m3= Si iXLE,  CEHTIRAL DETECTOR MUUN'l'XNG 
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FIGURE 1-16: PHOTOGRAPH OF INTEGRATING SPHERE PORTS WITH 
SINGLE AND DUAL DETECTOR MOUNTINGS 
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FIGURE 1-17a 
I l l u s t r a t i o n  of E r ro r s  i n  Di rec t iona l  
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posiLive and negative polar angles of incidence for a given detector (See 
Figure 1-17 a and b). The reflectance apparently increased as the sample 
was turned toward the side on which the detector was mounted off center, 
Conclusive evidence that the measured reflectance of a diffuse test sample 
varies greatly with detector position was obtained by rotating the detec- 
tor mount by 180'. 
reflectance with angle of incidence changed sides. To determine the 
separate effect of detector geometry without direct irradiation contribu- 
tion, the reflectance of a specular sample (second surface silver on quartz) 
was measured at the regular and the 180" rotated detector positions. 
results are shown in Figure 1-18 a and b. 
As can be seen in Figure 1-17, the rapid increase of 
These 
An additional test to eliminate possible variations in sphere wall 
reflectance from this detector geometry analysis is illustrated in Figure 
1-19. Here energy was directed onto the sphere wall, and a signal was 
obtained for four detector mount orientations. The difference in the read- 
ings results from varied distances of the detector from the irradiated spot 
on the sphere wall. 
The badblasi: /smuked MgO zoaziilg treataene ot the 2i.i tube decector 
was shown to essentially eliminate asymmetric response (see Detector Meas- 
urements, Section 2 . 3 ) .  Further evidence of symmetric polar response is 
shown in Figure 1-19, in that the response in the regular and 180" rotation 
position is exactly equal to 1.000. A s  the sphere wall reflectance decreases 
at the shorter (0 .4  ) and larger (1.5 ) wavelengths, the "first bounce" 
energy from the sphere wall to the detector becomes more important, and the 
effect of the detector position increases, The present series of measure- 
ments have been performed with the standard Gier Dunkle Detector Mount. 
order to obtain a compensating correction factor, one smoked MgO sample 
(572-68, 3 mm thick) was completely remeasured using single central mounted 
detectors. 
new, a set of correction factors was derived. 
listed below, were applied to each sample. 
single'central mounted detector configurat5on were thus obtained. 
In 
By obtaining a ratio for each respective value, original and 
These correction factors, CD, 
ReElectance values for the 
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TABLE 2: CORRECTION FACTORS USED TO COEVERT REFLECTANCE DATA 
OBTAINED WITH THE GIER DUNKLE DUAL DETECTOR MOUNT 
TO REFLECTANCE FOR SINGLE DETECTOR MOUNTING 
h 
-40  
.60 
.80 
1.00 
1.50 
2.00 
2.50 
e =  0" 10" 30" 40 " 50" 75 " 
984 ,982 .977 .973 .975 ,978 
,999 ,998 1.000 t999 1.000 1.000 
* 999 .998 1,000 ,999 1 000 1.000 
,997 ,996 ,999 I 998 .999 ,999 
.992 991 ,994 ,994 .995 998 
.989 4 991 993 ,995 ,995 ,998 
.991 .991 .989 ,989 ,997 .998 
The n e t  co r rec t ion  f a c t o r  t o  compensate f o r  p o r t  l o s s e s ,  re fe rence  beam 
re f l ec t ance  anomalies and d i r e c t  i r r a d i a t i o n  of d e t e c t o r s  w a s  the  product 
of t h e  three: 
C 
These v ~ l t i e s ~  l i s t e d  i s ?  Teblo 3 ,  wore appTf~ct  t a  each sa:::pie. 
1.5.7 Direc t iona l  Reflectance Measurement R e s u l t s  
Tables A-1 through A-7 of the  Appendix present  the  d i r e c t i o n a l  
r e f l ec t ance  d a t a  f o r  MgO correc ted  f o r  the  e r r o r s  descr ibed i n  the  pre-  
ceding sec t ion .  These da t a  are a l s o  shown p l o t t e d  i n  Figures  A-10 through 
A-16 of t h e  Appendix f o r  8 = 0", 40",  and 75".  Figures  1-20 and 1-21  show 
the  s p e c t r a l  r e f l e c t a n c e  of smoked MgO and pressed MgO powder a t  var ious  
angles  of incidence i r r ad iance  w i t h  completely polar ized  energy. Figures  
1-22 and 1-23 are f o r  unpolarized energy. 
1.5.8 Discussion of Di rec t iona l  Reflectance Measurement Resu l t s  
From a s tudy of Tables A-1 t o  A-7 and Figures  A-10 t o  A-16, some 
The criteria f o r  a p e r f e c t l y  d i f f u s e  gene ra l  observat ions can be made. 
r e f l e c t o r ,  t h a t  is a constant  as the angle  of incidence is var i ed ,  w a s  
used i n  the  po r t ions  of the  d iscuss ion  concerning d i f fuseness .  
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1.5,8*1 Smoked MgO Surfaces 
a, Unpolarized incident energy 
- 
The reflectance is slowly increasing as 8 increases. 
There is essentially no difference between b ( 0 " )  and ~~(10"). 
For A = 0.4,  1.5, 2.0, and 2,511, pD (4O")is less than 1% 
larger than b ( 0 " ) ;  ; . e . ,  the reflectance in the ultraviolet 
and infrared is diffuse to about 40" angle of incidence. 
The deviation from diffuseness increases for 8 > 40".  
The coatings are most nearly diffuse for wavelengths which 
have the greatest reflectance. 
To the extent that the reflectance level drops from loo%, for 
A = 0.4 to 0.611 and 1.0 
constant grows larger. 
b. Polarized Incident Energy 
to 2,511, the deviation from b ( 0 )  = 
There are slight indications the p,,(1) > pD(l  I). 
e In general, IpD(1) - pD(1 I ) I  < 0.005 for all 8 ' s  and A ' S .  
-- NOTE: Differences of I %(L) - 1 ) 1 < 0.005 are not considered 
significant diie ' to  random ei-roes in measurement and che 
correction factors applied to account for systematic errors. 
Theoretically, pD(i> must equal b(] 1 )  for e = 0". The 
difference between the average value of p,, and b( 1 I ) and ~(1) at 8 = 0" is a measure of the uncompensated errors in 
t e measurement and data analysis techniques. 
c. Reflectance as a Function of Thickness 
For the electrostatically smoked MgO surfaces, few definite 
trends are seen. 
thick coating), but no additional increase in Q, is seen for 
t = 3 mm and 4 mm. 
A s  expected, pD(2 mm thick coating) > p D ( l  mm 
e The reflectance for non-electrostatically smoked MgO surface 
(2 mm), compares well with the 2 and 3 mm thick electrostati- 
cally smoked samples in magnitudes, but in the visible region 
it appears to be increasing faster as 8 increases ( < . e . ,  less 
diffuse). 
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1.5.8.2 Pressed  MgO Powder Surfaces 
a. Unpolarized inc iden t  energy 
The r e f l ec t ance  is of the  same magnitude as f o r  t he  smoked 
samples  f o r  X < 11.1, but  is  very much lower f o r  X > 11.1. 
For X > 3&, pD changes r ap id ly  wi th  8 ( < . e . ,  q u i t e  non-diffuse). 
b. Polarized Incident Energy 
Same as f o r  smoked samples. 
c. Reflectance as a func t ion  of thickness 
The o v e r a l l  r e f l ec t ance  of the 4 mm t h i c k  sample is  g r e a t e r  
than t h a t  of t he  3 mm sample .  
1.5.8.3 General Conclusions on Direc t iona l  Reflectance 
a. E l e c t r o s t a t i c a l l y  smoked MgO, 2 mm t h i c k  o r  more, most nea r ly  
follows t h e  d i f f u s e  c r i t e r i o n ,  b ( 9 )  = constant.  
b. The d i r e c t i o n a l  r e f l ec t ance  i s  - not  a very s t rong  func t ion  of 
t h e  po la r i za t ion  of the inc iden t  energy; < . e . ,  m(L) = p ~ ( 1  )  
with  %(l) only s l i g h t l y  l a r g e r  than b(I I )  f o r  both smoked 
and powder samples. 
c. MgO pressed powder i s  not very d i f f u s e ,  r e l a t i v e  t o  smoked 
MgO, and % decreases r ap id ly  f o r  h > 1.0~. 
t o  1 iD% ] of the  sphere coating. For 1 > l V ,  t h i s  
f a c t o r  i s  very much l a r g e r  f o r  pressed powder than f o r  smoked 
coatings.  Therefore, we  recommend the  use of smoked r a t h e r  
than pressed powder f o r  i n t e g r a t i n g  sphere w a l l  coatings.  
d .  Som e r r o r s  i i n t e g r a t i n g  sphere measurements are propor t iona l  
1.5.9 Recommendations f o r  Measurements of Di rec t iona l  Reflectances 
In  the course of performing t h e  measurements on MgO samples, i t  be- 
comes very obvious t h a t  s eve ra l  improvements over t h e  standard measurement 
techniques and modifications t o  the  Gier Dunkle In t eg ra t ing  Sphere Reflec- 
tometer (GDISR) w e r e  needed i n  order t o  obta in  accu ra t e  data.  
These are described b r i e f l y  and are recommended t o  those investiga- 
tors des i r ing  improved ease and/or accuracy i n  performing r e f l e c t a n c e  
measurements. 
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1.5.9.1 Thermal I s o l a t i o n  of the  Source - Lamps from the  blongchrornator 
I n  t h e  s t anda rd  arrangement of the  o p t i c s  of t h i s  r e f l e c t o m e t e r ,  
the-hydrogen and tungs ten  lamp sources  are mounted t o  the  s i d e  of t he  
Perkin-Elmer monochromator. When a p o l a r i z e r  i s  used t o  f i l t e r  t h e  out- 
pu t  of t h e  monochromator, the  source  i n t e n s i t i e s  r equ i r ed  f o r  adequate ly  
l a r g e  ou tpu t  s i g n a l s  are about double those  needsd when n o t  u s ing  a 
p o l a r i z e r .  A s  a r e s u l t ,  t h e r e  i s  a cons ide rab le  q u a n t i t y  of h e a t  con- 
ducted from t h e  source  housing i n t o  t h e  monochromator. Add i t iona l ly ,  a 
l a r g e  q u a n t i t y  of u n f i l t e r e d  source  r a d i a t i o n  i s  d i spe r sed  by the  mono- 
chromator b e f o r e  be ing  d i r e c t e d  i n t o  the  i n t e g r a t i n g  sphere.  This  quan- 
t i t y  of h e a t  causes  temperature  o s c i l l a t i o n s  of t h e  monochromator which 
are beyond the  c a p a b i l i t i e s  of the  monochromator's temperature  r e g u l a t i n g  
h e a t e r s .  This  i n s t a b i l i t y  has  been observed t o  cause t h e  wavelength 
c a l i b r a t i o n  of the  monochromator t o  o s c i l l a t e  w i t h  t i m e ,  and as a r e s u l t ,  
i t  w a s  h e r e t o f o r e  d i f f i c u l t  t o  o b t a i n  v a l i d  measurements. A f t e r  t r a c k i n g  
down t h e  cause of t h i s  problem, t h e  s o l u t i o n  w a s  ea sy  and e f f e c t i v e .  A 
water-cooled aluminum p l a t e  w a s  i n s t a l l e d  as t h e  l i g h t  b a f f l e  f o r  t h e  
source  housing t o  e l i m i n a t e  t h e  source  t o  monochromator hear, conduction. 
This  mod i f i ca t ion  e l imina ted  t h e  temperature  cyc l ing ,  
1.5.9.2 Improved Ampl i f ica t ion  and Display Systems 1 
U n t i l  t h e  l a s t  s e v e r a l  yea r s  t h e  a m p l i f i c a t i o n  system s p e c i f i e d  by 
Gier Dunkle Inc.  w a s  t h e  Perk in  E l m e r  Model 107. 
state lock-in a m p l i f i e r s  have f a r  surpassed  t h e  PE107 i n  no i se - r e j ec t ion  
a b i l i t y ,  easy  phase matching t o  one set of chopper p o i n t s ,  l i n e a r i t y ,  and 
absence of zero  d r i f t .  During the  measurements performed f o r  t h i s  con- 
t ract ,  a Brower Model 129 Lock-in Amplif ier  w a s  used very s u c c e s s f u l l y  t o  
o b t a i n  h igh  s igna l - to-noise  r a t i o s .  Combined w i t h  a n  i n t e g r a t i n g  d i g i t a l  
vo l tme te r  readout ,  r e f l e c t a n c e  va lues  w e r e  read  w i t h  very  l i t t l e  n o i s e  
problems. Use of a DVM a l s o  avoids  t h e  mechanical h y s t e r e s i s  problems 
Recent ly  developed s o l i d  
I 
i n h e r e n t  
1.5.9.3 
I n  
w i t h  c h a r t  recorders .  
Change from Dual Mount t o  S ing le  Mount De tec to r s  
o r d e r  t o  e l i m i n a t e  d i r e c t  i r r a d i a t i o n  from sample t o  d e t e c t o r ,  
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t he  s t anda rd  d u a l  d e t e c t o r  mount w a s  rep laced  by two separate  deilpct@r 
mounts. The d e t e c t o r s  were o r i e n t e d  d i r e c t l y  below t h e  s a m p l e .  The PbS 
ce l l  d e t e c t o r s  az imutha l ly  dependent response w a s  e l imina ted  by enc los ing  
i t  i n  a n  aluminized Mylar mask wi th  a c i r c u l a r  opening f o r  d e t e c t i o n .  
1.5.9.4 Complete El imina t ion  of Direct I r r a d i a t i o n  Er ro r  
Since even a s i n g l e  d e t e c t o r  mounted j u s t  below t h e  sample w i l l  pre- 
s e n t  a small, b u t  f i n i t e ,  area which may d e t e c t  d i r e c t  i r r a d i a t i o n  from 
d i f f u s e  o r  ex t r ao rd ina ry  r e f l e c t i n g  samples,  a d i r e c t  i r r a d i a -  
t i o n  e r r o r  may arise. 
samples on a metal d i s c  which has  a 2-1/2 degree wedge i n  i t s  th ickness .  
Adequate compensation of t he  p o l a r  angle  s e t t i n g s  of t h e  sample would be 
r equ i r ed  f o r  near-normal ang le s  of inc idence .  
1.5.9.5 Sample Angular O r i e n t a t i o n  dur ing  100% S e t t i n g  
This  can be t o t a l l y  e l imina ted  by mounting t h e  
To save the  ope ra to r  t i m e  r equ i r ed  i n  manually tu rn ing  t h e  sample  
t o  f a c e  the  r e f e r e n c e  on t h e  sphere  w a l l ,  an  e l e c t r o n i c  swi tch ing  c i r c u i t  
should be incorpora ted  i n t o  t h e  s a m p l e  motor mount: f o r  t h i s  purpose.  
1.5.9.6 Modif ica t ion  of T rans fe r  O p t i c s  
A s  shown i n  F igure  1-15, and d iscussed  ea r l i e r  i n  Sec t ion  1.5.6.2 ( b ) ,  
t h e  r e f l ec tomete r  t r a n s l a t i o n  o p t i c s  should be changed t o  provide  near- 
normal inc idence  of the  r e fe rence  beam on t h e  sphere  w a l l .  This  would 
e l i m i n a t e  t h e  s m a l l  b u t  cons t an t  e r r o r  i n  t h e  r e fe rence  measurement which 
occurs  w i t h  t h e  p r e s e n t  arrangement f o r  40" inc idence .  
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1.6 BLDIRECTLONAL REFLECTANCE 
1.6.1 Summary 
- I n  g e n e r a l ,  t he  importance of t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  cha rac t e r -  
i s t ics  of d i f f u s e  sphere  w a l l  coa t ings  p e r t a i n s  p r i m a r i l y  t o  t h a t  p o r t i o n  
of t h e  energy i n s i d e  t h e  sphe re  which has  experienced only one r e f l e c t i o n  
of f  t he  wal ls ,  
reason  f o r  t h i s  i s  t h a t  a number of i n t e g r a t i n g  sphere  measurement e r r o r s  
may r e s u l t  from t h i s  energy. 
(This  is r e f e r r e d  t o  as t h e  "f i rs t -bounce energy".) One 
I n  t h e  r e f e r e n c e  s i g n a l  measurement mode, t h e  energy en ters  the  sphere  
through t h e  e n t r a n c e  p o r t ,  i s  i n c i d e n t  upon t h e  sphere  w a l l ,  and a ma jo r i ty  
i s  r e f l e c t e d ,  I n  t h e  sample measurement mode, t h e  energy e n t e r s  t h e  sphere ,  
i s  i n c i d e n t  upon t h e  sample, and p a r t i a l l y  r e f l e c t e d  t o  t h e  sphere  w a l l  
where, a g a i n ,  t h e  ma jo r i ty  i s  r e f l e c t e d .  The e n e r g i e s  s t r i k i n g  t h e  w a l l  i n  
t h e s e  two modes, however, are not of t h e  same p o l a r i z a t i o n  s ta te  and do n o t  
s t r i k e  t h e  sphere  w a l l s  a t  t h e  same l o c a t i o n  o r  inc idence  ang le .  m e n  t h e  
sphere  w a l l  coa t ing  r e f l e c t a n c e  i s  a f u n c t i o n  of t hese  parameters ,  e r r o r s  
may r e s u l t .  
The b i d i r e c t i o n a l  r e f i e c t a n c e  (BDR) of smoked and pressed  powder MgO 
samples w a s  measured as a func t ion  of a number of parameters .  It w a s  found 
t h a t  smoked MgO i s  more d i f f u s e  than pressed  MgO powder. For p o l a r  ang le s  
of inc idence ,  81, less than  40°, t h e  samples appeared t o  be q u i t e  d i f f u s e .  
A t  l a r g e r  va lues  of 81, forward and backward s c a t t e r i n g  inc reased .  The BDR 
a t  a wavelength of 0.5 microns i s  g e n e r a l l y  similar t o  t h a t  a t  1.5 microns.  
The excep t ions  t o  t h i s  s ta tement  are d iscussed  i n  Sec t ion . l . 6 .8 .3 ,  Po la r i zed  
energy,  when i n c i d e n t  on a MgO s u r f a c e ,  i s  g r e a t l y  depolar ized .  
of d e p o l a r i z a t i o n  i s  dependent upon t h e  v a r i o u s  parameters  concerning t h e  
i n c i d e n t  beam such as wavelength and angle  of inc idence .  
The degree 
1.6.2 Measured Quantf ty  
The q u a n t i t y  measured by t h e  test  appa ra tus  i s  t h e  re la t ive  r e f l e c t a n c e  
d i s t r i b u t i o n ,  V/Vo, which i s  a f u n c t i o n  of t h e  wavelength of i n c i d e n t  energy, 
t h e  ang le s  of inc idence  and r e f l e c t i o n ,  t he  p o l a r i z a t i o n  of t h e  i n c i d e n t  and 
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r e f l e c t e d  energy,  and the  s o l i d  ang le  of d e t e c t i o n .  It i s  a measure of the  
f r a c t i o n  of t h e  energy,  i n c i d e c t  fro: d i r e c t i o n  (f3l,i$1) i n  t h e  solid angle  R1 ,  
which is  r e f l e c t e d  i n  a ' d i r e c t i o n  ( 6 z , + z )  i n t o  t h e  s o l i d  angle  of d e t e c t i o n  
(&) .  of t h e  r e f l e c t o m e t e r  (See Figure  1-24) .  
For f l a t  extended s u r f a c e s  such as t h e  p r e s e n t  MgO s a m p l e s ,  another  
q u a n t i t y ,  t h e  s p e c t r a l  b i d i r e c t i o n a l  reflectance (p,), may be de r ived  which 
is t h e o r e t i c a l l y  independent of t h e  measurement appara tus .  The r e l a t i o n -  
s h i p  between t h e  re la t ive r e f l e c t a n c e  and the  spectral  b i d i r e c t i o n a l  
r e f l e c t a n c e  is  p resen ted  below. 
I. 6 . 3  D e f i n i t i o n s  
The s p e c t r a l  b i d i r e c t i o n a l  r e f l e c t a n c e  can he def ined  as IT times the  
power r e f l e c t e d  i n  d i r e c t i o n  ( e n , + , )  p e r  u n i t  area normal t o  t h a t  d i r e c t i o n ,  
p e r  u n i t  wavelength,  and pe r  u n i t  s o l i d  ang le  4 i v i d e d  by the  power i n c i d e n t  
from d i r e c t i o n  (el,r$l) i n  t h e  s o l i d  ang le  dR1 (Ref 1). I n  equa t ion  form, 
we have 
where I1 and I 2  are t h e  i n c i d e n t  and r e f l e c t e d  spac ia l  i n t e n s i t i e s ,  respec- 
t i v e l y  , w i t h  u n i t s  of watts/ cm2 -s teradian-micron . 1 
The more commonly used q u a n t i t y ,  t h e  s p e c t r a l  d i r e c t i o n a l  r e f l e c t a n c e  
(b) may be found by i n t e g r a t i n g  pB over  t h e  hemisphere wi th  r e s p e c t  t o  / 
I 
l /T (cos  62 dQ2); i.e., I 
4 
The q u a n t i t y  measured by t h e  in s t rumen ta t ion  w a s  t he  r e l a t i v e  b i d i r e c t i o n a l  
r e f l e c t a n c e ;  
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SOURCE 
REFLECTED I 
GEOMETRY OF RADIATION INCIDENT A N D  LEAVING A DIFFERENTIAL AREA 
FIGURE 1-24 
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That is, the bidirectional reflectance for the conditions specified in the 
denominator was set to read 1.000 on the digital voltmeter as a reference 
for all other readings. 
i r X and Y are the polarizations of the energy incident and reflected 
from the sample respectively, relative to the plane of incidence of the 
sample. 
the normal vector to the sample surface and the ray vector representing 
the incident energy.) 
(The plane of incidence is defined as the plane containing both 
1.6.4 Parameters Investigated 
Using the TRW bidirectional reflectometer, the bidirectional reflec- 
tance of two MgO samples was measured with the following parameters: 
Samples : 
a. Electrostatically smoked MgO (Sample 572-68) ,  3 mm thick. 
b. Pressed MgO powder (Sample 580-68 ) ,  4 mm thick. 
Wavelengths: 
a. 0.5 microns 
b. 1.5 microns 
Angles of Incidence: 
a. Polar Angles, 8 1  = 0", 4 0 " ,  6O0, 70" ,  7 5 " .  
b. Azimuthal Angle, $1 = 0" 
Angles of Reflectance: 
a. Polar angles, 82 = O", 20", 4 0 " ,  6 0 b ,  75" 
b. Azimuthal Angles, $2 = 0", 18O0, also 4 5 " ,  go", 135" for 
$1  = 40" and 70" 
Polarization:. The incident energy was polarized both parallel and 
perpendicular to the plane of incidence. The reflected 
energy was analyzed for components parallel and perpen- 
dicular to the plane of incidence. 
1.6.5 Test Apparatus 
The measurements were performed with the TRW Systems-constructed 
bidirectional reflectometer as illustrated in Figures 1-25 and 1-26, and 
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FIGURE 1-25. TRk' BIDIRECTIONAL REFLECTOMETER 
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schematically shown in Figure 1-27. The arrangement of the incident energy 
beam, the sample, and the detector is such that by systematically changing 
02 and $2 it is possible to map the directional distribution of the reflected 
radiation over the hemispherical space above the test surface for a given 
direction of incidence ( O i , ( $ i )  and wavelength A .  The source of radiant 
energy was a tungsten strip lamp contained in a water-cooled housing, and 
the detection system was a Perkin-Elmer Model 98 monochromator. 
present test series, the reflected energy was chopped at 13 cps before 
entering the monochromator. This arrangement produces no significant sample 
emission error for the short wavelengths of interest. The detected signal 
was amplified by a Brower Laboratories Model 129 Lock-In Amplifier, and the 
resultant signal was displayed on a Non-Linear Systems digital voltmeter 
(Model 2900).  
For the 
The mechanical slit width of the monochromator was set at 0.435 mm for 
These mechanical the 0.5 micron wavelength and at 2.137 mm for 1.5 microns. 
slit widths correspond to spectral slit widths of 0 . 0 0 2 ~  and 0.046~ , respec- 
tively, 
operated at 500v) for 0.5~ and a Reeder Model W-3Q thermocouple detector 
..- wLLiJ ct a K B r  window €or 1 .51~ .  
and 1.5~ from being detected, Corning filters were placed in front of the 
tugnsten lamp source. These were Corning’s filter numbers 3-74 and 4-71 
for .51.1 and 3-74 and 7-57 for 1.5~. Furthermore, because the photomultiplier 
detector is sensitive to external visible light, the monochromator and detec- 
tor were shielded by a black felt cover for 0 . 5 ~ ,  and the tests were per- 
formed in a darkened room, 
The detectors were a lP28 RCA photomultiplier tube (S-5 response, 
‘20 ~ r z ~ c l n t  s;ray r d i d t i o n  ~ t h e r  than 0 . 3 ~  
For polarizing the incident energy and for analyzing the reflected 
energy, Polaroid linear sheet polarizers were used: 
for 1:Sp. 
HE32 for 0 . 5 ~  and HR 
1.6.6 Test ProcedureS 
a. The test specimen was installed in the sample holder, and the 
reflectometer was optically aligned. 
b. The detection electronics and the tungsten source were turned 
on and allowed to reach equilibrium. 
i 
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Parkin Eimer Model 98 ibnochromator 
Po la r i za t ion  analyzer  
i n  Housing 
F la t  mirror 
c 
1 l m t r 
Spher ica l  mirror 
300 Mm f.1. 
__I Mask 
Tungsten s t r i p  lamp. 
Source A t  Reference 
Pos i t i on  
(0 = o o ,  0 = 4 S 0 )  
1 2 
. 
/ 
-- 
orning f i l t e r s  
Po la r i ze r  
I 
FIGURE 1-27. SCHEMATIC REPRESEM'ATION OF THE TEZW BIDIRECTIONAL REFLECTOMETER 
FOR V I S I B L E  AND NEAR IEiFRARED WAVELENGTHS 
- 
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i. - 
c. The source  and s a m p l e  were set a t  t h e  r e f e r e n c e  p o s i t i o n  s p e c i f i e d  
511 t he  preceding s e c t i o n ,  and rhe a m p l i f i e r  w a s  a d j u s t e d  t o  pro- 
v i d e  a r e fe rence  reading  of 1.000. 
d i  The test specimen and source  were o r i e n t e d  t o  the  p re sc r ibed  
ang le s  of inc idence  and r e f l e c t i o n .  The p o l a r i z e r  and ana lyze r  
w e r e  independent ly  o r i e n t e d ,  and t h e  relative r e f l e c t a n c e  w a s  
read  from the d i g i t a l  vo l tmeter .  
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1.6.7 T e s t  Resul t s  
The test r e s u l t s  have been tabula ted  i n  Tables 1-11 and 1-12 and graphed 
The q u a n t i t i e s  i n  Figures 1-28 t o  1-35 and A-17 t o  A-37 (See Appendix). 
t abula ted  and graphed are the  r e l a t i v e  b id i r ec t iona l .  r e f l ec t ance ,  
The accuracy of t he  d a t a  i s  l a rge ly  determined by f i v e  considerations:  
1. Alignment of t h e  reflectometer o p t i c s  and t h e  ind iv idua l  angle 
s e t t i n g s  of source and de tec to r .  
2. Accuracy of p o l a r i z e r  and analyzer s e t t i n g s .  
3 .  The p r a c t i c a l  least count of the  voltmeter.  
4 .  Signal-to-noise r a t i o  of t he  system. 
5. Non-linearit ies i n  de t ec t ion  and ampl i f ica t ion .  
.% gee:! t a s t  of  he selai ive ins r runsn t  accuracy i s  t o  compare meas- 
urements of ~~~(81,~1,82,~2;X;X~,Y,) with those of ~~~(02,42,81,Q1l;X;Y~,X~) 
which should be equal  by the  l a w  of r ec ip roc i ty .  Any d iscrepancies  between 
two such measurements can only be due t o  t h e  l i m i t s  of t he  instrumentation. 
Table 1-13 conta ins  an  ample number of comparisons of p~~ f o r  r ec ip roca l  
angle  and po la r i za t ion  s e t t i n g s .  Except f o r  t he  very l a r g e  po la r  angles- 
of r e f l e c t i o n ,  the  comparison i n d i c a t e s  d iscrepancies  within 15%. The com- 
par i son  a t  l a r g e  angles  of incidence i s  not q u i t e  as good, s ince  the  rate 
of change of pm, (-), dP is  very l a r g e  there.  A t  these  angles,  small inac- de 
cu rac i e s  i n  angle s e t t i n g s  become not iceable .  
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TABLE 1-11 
ELECTROSTATICALLY DEPOSITED 3mm THICK, SAMPLE NO. 572-68 
RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE 
Angles of 
Incidence 
$ 1  01 
Angles of 
ief lection 
02 $2 
O0 0" 
40 
60 
70 
75 
20 " 
40 
60 
75 
0 
20 
40 
60 
70 
75 
0 
20 
40 
60 
75 
0 
40 
70 
0 
20 
40 
60 
75 
0" 
0 
0 
0 
0 
180 
45 
90 
135 
180 
0 
180 
45 
90 
135 
0 
180 
--- 
0 
180 
0 
180 
180 
0 
180 
--- 
45 
90 
135 
45 
90 
135 
--- 
0 
180 
0 
180 
0 
180 
180 
1: 
1.08 
1.02 
94 
.86 
.96 
1.03 
.90 
1.02 
.91 
$88 
.88 
1.13 
.88 
.95 
.93 
.88 
1.10 
.88 
.81 
a 91 
.77 
1.06 
.81 
.93 
1.44 
1.19 
.70 
.81 
.73 
.74 
1.53 
1.34 
1.22 
.63 
.71 
.60 - .90 
.65 
1.22 
.89 
1.32 
.87 
.85 
.79 
72 
.79 
-81 
-78 
.84 
.82 
.84 
.73 
.84 
.65 
.82 
87 
.71 
.85 
$57 
69 
.73 
.79 
.61 
54 
1.08 
.48 
.59 
.72 
.65 
.55 
1.34 
.97 
.69 
.53 
.59 
-69 
.44 
.86 
.41 
.40 
6% . "< 
.4a 
.5p 
1.06 
1.0. 
.97 
.92 
.95 
1.00 
.92 
.97 
.85 
.90 
.94 
1.08 
.95 
.89 
.88 
.93 
1.07 
.97 
.83 
.87 
1.00 
.87 
.98 
1.37 
1.19 
* 73 
84 
.71 
.78 
1.54 
1.21 
1.35 
.65 
.71 
.64 
.86 
.68 
1.15 
.90 
1.38 
123 . Y" 
.97 
.95 
.88 
.81 
.88 
.90 
.84 
.93 
* 94 
.88 
.80 
.94 
.72 
.94 
* 95 
.so 
.95 
.63 
.75 
79 
. 7 1  
.86 
66 
-58 
1.21 
.53 
.66 
.84 
.81 
.67 
1.56 
1.15 
.80 
.57 
.64 
.52 
.75 
.46 
.95 
.44 
44 
A =  
1.08 .79 
1.02 .76 
.92 -72 
.82 .66 
.97 . .74 
1.05 .73 
.91 .72 
1.04 .91 
.97 .91 
.88 .77 
e 87 .69 
1.12 .70 
.89 .64 
1.00 .90 
.89 .89 
.91 .76 
1.07 .69 
.95 * .57 
.86 .68 
.96 .68 
.82 64 
1.09 .69 
.86 .62 
1.04 -55 
1.31 .77 
1.29 .49 
.a3 .64 
1.00 .83 
.87 .78 
.85 .64 
1.44 , 1.27 
1.43 1.02 
1.41 ..72 
.73 .60 
.83 .60 
73 .55 
1.00 .64 
* 83 .48 
1.24 .66 
1.18 .46 
1.78 .44 
.51.( 
1.02 
1.00 
.97 
.94 
.97 
.99 
.98 
.85 
.77 
.93 
1.01 
1.02 
1.07 
.79 
.75 
.93 
1.02 
1.12 
.94 
.94 
1.00 
1.03 
1.22 
1.19 
1.44 
.93 
* 91 
.83 
.97 
1.64 
1.17 
1.35 
.86 
.88 
.90 
.94 
1-00 
1.11 
1.33 
1.88 
n7 
.I/ 
.91 
.89 
.85 
78 
.87 
.85 
90 
.95 
.88 
.83 
* 85 
.77 
.89 
.88 
.74 
83 
.68 
.80 
.81 
.75 
.82 
.74 
.69 
.93 
.61 
.78 
.95 
.96 
.84 
1.46 
1.11 
.78 
.73 
* 73 
.69 
.76 
64 
.81 
.58 
.54 
. a7 
i n g l e s  o f  
[nc idence  
P I  01 
1" 0" 
40 
70 
75 
TABLE 1-12 
RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER 
(4m THICK) SAMPLE NO. 580-68 
Angles of 
tef lection 
e 2  $2 
20" 
40 
60 
75 
0 
20 
40 
60 
70 
75 
0 
40 
70 
0 
20 
40 
60 
75 
0" 
0 
0 
0 
--- 
0 
180 
45 
90 
135 
180 
0 
180 
45 
90 
135 
0 
180 
45 
9C 
135 
45 
90 
135 
--- 
--- 
0 
180 
0 
i80 
0 
180 
180 
1.10 
1.02 
.93 
.83 
.99 
1.09 
.92 
1.07 
.93 
.90 
.88 
1.15 
.87 
.97 
* 91 
.86 
1.07 
90 
.78 
.8P 
.85 
.82 
1.55 
1.34 
1.20 
.70 
.76 
.68 
.93 
.77 
1.17 
1.15 
2105 
86 
.83 
.79 
.72 
.82 
.83 
.81 
.86 
.86 
.81 
.79 
.81 
* 75 
-86 
.91 
.78 
.77 
.69 
.68 
.77 
.71 
1.39 
1.12 
.87 
.61 
.62 
.60 
.65 
.59 
.71 
.60 
.68 
- c  . : o  
1.05 
1.02 
.99 
.95 
.98 
1.03 
1.00 
1.08 
.92 
1.00 
1.02 
1.07 
1.05 
)I 95 
.94 
.99 
1 . 0 4  
1.11 
.88 
.94 
. G I  
.96 
1.66 
1-38 
1.49 
.82 
.85 
86 
.91 
.97 
1,G9 
1.34 
2.23 
.91 
.89 . 84 
.78 
.85 
.86 
85 
.96 
.96 
.93 
.84 
.80 
.94 
.95 
.85 
.84 
.74 
. 7 1  
.84 
91 
.81 
1.55 
1.2e 
.96 
.79 
.6E 
.65 
.72 
.64 
.75 
.65 
.6E 
. a7 
where Xr = 
1.0% 
1.02 
.92 
.82 
.97 
1.06 
,?2 
1.02 
.97 
.88 
.89 
1.08 
.95 
.99 
.95 
* 94 
1.02 
1.00 
.72 
I87 
.60 
* 79 
1.38 
1.43 
1.53 
.66 
.79 
.66 
.85 
.79 
.96 
1.41 
3.07 
.80 
.78 
.73 
.66 
.75 
74 
.75 
.93 
.95 
.80 
.75 
.68 
.73 
.94 
1 .04  
.85 
.63 
.67 
.61 
. ? 5  
.74 
.68 
1.29 
1.12 
.88 
.55 
.55 
55 
-51 
.53 
.46 
.58 
* 55 
2 f b )  
I, 11, 
1.06 .95 
1.05 .92 
1.03 88 
1,Ol .81 
.99 .87 
.98 .87 
1.04 .87 
.89 .92 
.82 99 
1.00 .92 
1.12 .88 
.97 .81 
1.26 .85 
,83 .93 
a4 ' 91 
1.10 .86 
. 9 3  * 77 
1.39 a 79 
.88 .74 
.70  * 81 
.82 .94 
1.05 .85 
1.72 i 1.50 
1.34 ' 1.23 
1.77 .97 
.79 .65 
-77 \ a65 
.90 .67 
.77 .61 
1.14 -67 
.81. .55 
1.81 .66 
3.65 -65 
p~~ 
-r 1 clr 1 1 ,  
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FIGURE. 1-29 RELATIVE BIDIRECTIONAL REF'LECTANCE OF M$O SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3m THICK, SAMPLE 572-68' 
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1.1 1.0 .9 .8 .7 .6 .5 .4 . 3  .2 .1 . 2  . 3  .4 .5 .6 .7 .8 . 9  1.0 1.1 
t 
FIGURE 1-30 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3mm THICK, S 
LEGEND 
- - -  
2.0 1.8 1.6 1.4 1.2 1.0 ; 8  .6 .4 ,2 0 .2 ,4 e 6  * 8  1.0 1-2 144 1.6 1-8 2.0 
- 
FIGURE 1-31 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, ~~IIIII THICK; S M L E  572-68 
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FIGURE 1-32 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3m THICK, SAMPLE 572-68 
- 
FIGURE 1-33 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3mm THICK, S 
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LEGEND 
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FIGURE 1-34 RELATIVE BIDIRECTIONAL REFLECTANCE OF blg0 SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3mm THICK, S 
.- 
FIGURE .. 1-35 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3mm THICK, SAMpL$ E?7Lks 
, I > .  -61- 1. 
1.6.8 Conclusions Regarding the Bidirectional Reflectance of Magnesium 
Oxide Surfaces . 
In discussing the bidirectional reflectance, it is beneficial to 
define a few expressions which represent the states of polarization of 
the incident and reflected energy. These are shown below: 
0 POI - Plane of incidence (plane containing both the 
normal vector to the sample surface and the ray 
vector representing the incident energy). 
o pB(l,l) - That portion of the bidirectionally reflected 
energy which is polarized perpendicular to the 
POI when the incident energy is polarized per- 
pendicular to the POI. 
0 pB(l 1 ,  I 1 )  - That portion of the bidirectionally reflected 
energy which is polarized parallel to the POI 
when the incident energy is polarized parallel 
to the POI. 
That is, the first symbol in the parentheses represents the polari- 
zation state of the incident energy; the second symbol, the polarization 
state of the reflected energy which was measured. pB(ly I 1 ) and %( I I ,l), 
therefore, represent reflectmce values ir, which t ' ~ ~  L c T------~ L L C . Q i 3 U L C U  LCL.LCLL.!=d 
energy was of opposite polarization to the incident energy. 
o x  - Wavelength 
O I J  - Microns 
1.6.8.1 Smoked versus Pressed MgO 
Smoked MgO is more diffuse than 
differences occur for %(l,l) and p, 
1.6.8.2 Diffuseness 
I, 
pressed MgO powder. The Largest ' 
( 1  I ,  ] 1 )  in the forward direction. 
For polar angles of incidence, 01 < - 4 O o Y  the samples 
quite diffuse. At large values of 81, forward scattering 
scattering increased. 
appeared to be 
and backward 
The portion of reflected energy opposite in polarization to that 
incident upon the sample [ $ . e .  , p B ( l ,  I 1 )  and pB ( 1  1,1>] was reflected rather . 
diffusely. The portion of reflected energy of the same polarization to 
that incident upon the sample [ : . e . ,  pB( l , l )  and pB( l  ],I I ) ]  exhibited wide 
deviations from diffuseness as a function of el., .- 
-62- 
1.6.8.3 Wavelength 
pB at A = 1.51-1 is generally similar to that at X = .5p for 81 - < 40" 
with the following distinctions: 
1, There is less depolarization in POI, although - out of the POI 
over-depolarization" occurs to a greater extent at X = 1 . 5 ~  
than at A = .5~. 
I t  
2. At high 91's  (91 > 4 0 " ) ,  forward scattering is greater. 
3. As at = .5, pB(l,II) is always > p (11,l). The difference 
between the two is greater at X = 1.9 than at X = .5. 
4 .  As at = .5 ,  p (1,l) > p (I , 1 1 )  in the forward direction. 
The difference getween p B ?l,l) and b( I I , I I )  is greater than 
at X = -5. 
5. A s  at X = .5,  p ( 1 1 , 1 1 )  is > p (1,l) in the back direction. 
The difference ktween pB( I I , 18) and p B ( l , l )  is greater than 
X = .5. 
A t  82 - > 40" in POI, both samples were much more diffusing for 0 . 5 ~  energy 
than for 1 . 5 ~  energy in the forward direction. 
however, both samples were less diffusing for 0.51-1 energy than for 1 . 5 ~  
wprgy 5 
In the back direction, 
1.6.8.4 Polarization 
1. %(l,l! is generally greater than p ( 1  1 , I 1 )  in the forward direc- 
tion, 2 . e .  , for $2 > 900. 
slightly greater than p B ( l , l )  in the bacgward direction ($2 < - 90"). 
%(l, I 1 )  is greater than pB( I 1 ,I> for nearly all coordinates 
investigated. 
ConverseBy, p ( 1  I,I 1 )  is generally 
2. - 
3. See other comment in Item number 1.6.8.2 Diffuseness. 
A tabulation of the percentage of excess polarized energy is shown in 
Table 1-14. 
this quantity. 
incident energy which is completely polarized. 
better the surface depolarizes. 
Figures 1-36 through 1-43.  
Refer to the equations below the table for the definition of 
These values represent the ability of a surface to depolarize 
The lower the value, the 
These values are shown graphically in 
Data taken in the plane of incidence is shown in 
Figures 1-36 through 1-39; that taken out of the plane of incidence in 
Figures 1-40 through 1-43.  
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i ng le s  o f  
lncidence 
b1 01  
I" O0 
40 
60 
70 
75 
TABLE 1-14 
PER CENT POLARIZATION OF BIDIRECTIONALLY REFLECTED ENERGY 
FOR MgO SMOKE (ELECTROSTATICALLY DEPOSITED, 3 m  TBICK) 
AND MgO PRESSED POWDER (4mm THICK) COATINGS 
Angles of 
:ef l ec t ion  
e2 (P2 
* 
f 
arbitrary 4 2  
undefined $2 
20° 
40 
60 
75 
0 
20 
40 
60 
70 
75 
0 
26 
40 
60 
75 
0 
40 
70 
0 
20 
40 
60 
* 
* 
* 
* 
+ 
0 
180 
45 
90 
135 
180 
0 
180 
45 
90 
135 
0 
180 
+ 
0 
180 
0 
180 
180 
0 
180 
f 
45 
90 
135 
45 
90 
135 
+ 
0 
180 
0 
180 
0 
180 
75 180 
MgO Smoke 
X=0.5 microns 
1 pl 
11 
9 
9 
9.5 
12 
7 
9.5 
5 
2.5 
9.5 
14.5 
15 
7.5 
3.5 
10.5 
13 
21.5 
8 
8.5 
14.5 
14 
26.5 
23.5 
39.5 
8.5 
6 
6 
14.5 
6.5 
16 
27.5 
8.5 
9 
11 
13 
19.5 
17.5 
37 
8.5 
7 s  -- 
4.5 
3 
5 
6.5 
4 
5.5 
4.5 
2 
- 5  
1 
8 
7 
14 
- 2.5 
- 4  
7.5 
6 
21 
5 
7 
7.5 
13.5 
25.5 
6 
38.5 
5 
0 
- 6.5 
7.5 
- 0.5 
2.5 
25.5 
6 
5 
10.5 
7 
19.5 
9.5 
34.5 
2 -.
53.5 51.5 
/N 572-68 
X=l .5 microns 
I pl 
15.5 
14.5 
12 
11 
13.5 
18 
11.5 
6.5 
3 
6.5 
11.5 
23 
16.5 
5.5 
0 
9 
21.5 
18.5 
11.5 
17 
12.5 
22.5 
16 
31 
26 
45 
13 
9.5 
5.5 
14 
6.5 
16.5 
32.5 
10 
16 
14 
18.5 
26.5 
30.5 
44 
60.5 
5.5 
6 
6.5 
9.5 
5.5 
6.5 
7 
- 3  
-10.5 
3 
10 
9 
16.5 
- 6  
- 8  
11.5 
10.5 
24.5 
8 
7 .s 
10 
10 
16.5 
27.5 
12.5 
40.5 
9 
- 2  
- 7.5 
7 
6 
2.5 
27 
8 
9.5 
13 
10.5 
22 
15.5 
39.5 
55.5 
MgO P r e s s e d  P 
h=O .5 microns 
I pl 
12 
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Per Cent Polarization of Reflected Energy 
for Electrostatically Smoked MgO, 3mm Thick 
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Per Cent Polarization of Reflected Energy 
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1.5.9 C5sci;saion of Ret io-Reflectance of Magnesium Oxide Surfaces  
Sorpe i n v e s t i g a t o r s 6  ,7 have measured a l a r g e  back-ref lec tance  o r  
r e t r o - r e f l e c t a n c e  of smoked magnesium oxide  which shows t h e  coa t ing  t o  
d i f f e r  cons iderably  from a Lambertian s u r f a c e .  Meacock's d a t a  i s  shown 
i n  F igure  1-36. This  c h a r a c t e r i s t i c ,  i f  f a c t u a l ,  could very  l i k e l y  cause 
s i g n i f i c a n t  e r r o r s  i n  i n t e g r a t i n g  sphere  measurements mzde wi th  MgO-coated 
sphe re  w a l l s ,  s i n c e  a s i z a b l e  p o r t i o n  of t h e  energy s t r i k i n g  t h e  wa l l s  
could be r e f l e c t e d  back o u t  t h e  en t r ance  p o r t .  
From t h e  BDR d a t a  presented  earlier,  one n o t e s  t h a t  a t  d e t e c t i o n  
ang le s  approaching t h e  r e t r o - r e f l e c t i v e  angle ,  a broad b a c k s c a t t e r i n g  
occurs .  A t  ang le s  of inc idence  which were near-normal, back s c a t t e r i n g  
i s  small, and the  r e f l e c t a n c e  d i s t r i b u t i o n  i s  e s s e n t i a l l y  c o s i n e ,  A t  
h igher  ang le s  of i nc idence ,  back-sca t te r ing  as w e l l  as specu la r  r e f l e c -  
t i o n  becomes l a r g e r .  
The s tandard  TRW BDR test would n o t  enable  measurements of r e f l e c t -  
ance a t  d e t e c t i o n  ang le s  less than  15" from t h e  r e t r o - r e f l e c t a n c e  angle ;  
t h e r e f o r e ,  a s p e c i a l  test set-up w a s  cons t ruc t ed  as shorn i n  F i g u r s  1-45. 
An a c t u a l  r e t r o - r e f l e c t o r  w a s  measured to  v e r i f y  t h a t  t he  appa ra tus  w a s  
ope ra t ing  c o r r e c t l y .  It was found t h a t  t h e  appa ra tus  had an  i n h e r e n t  
e r r o r  which w a s  evidenced by a change i n  r e f l e c t a n c e  and w a s  approxi- 
mately l i n e a r  w i th  t h e  angle  of d e t e c t i o n .  S t i l l ,  a d e f i n i t e  r e t r o -  
r e f l e c t a n c e  "spike" w a s  measured f o r  t h e  r e t r o - r e f l e c t o r .  
of MgO, however, f a i l e d  t o  show any d e t e c t a b l e  "spike" <See F igure  1 .44) .  
There w a s  n o t  t i m e  i n  t h i s  s tudy  t o  i n v e s t i g a t e  t h i s  area f u r t h e r .  
Measurements 
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2.0 DETECTOR CHARACTERISTICS 
2.1 SUMMARY 
Integrating sphere detector characteristics ideally would include uni- 
form areal sensitivity, high sensitivity over a broad spectral range and . 
perfectly cosine angular response. 
to some extent and must therefore be studied if an attempt is t o  be made at 
quantifying the errors that result. 
Real detectors deviate from these ideals 
The lead sulfide cell and photomultiplier tube detectors have been 
used in integrating spheres for years due to their good spectral sensitivity 
and range. These detectors were therefore examined in detail to attempt to 
quantitatively characterize their response and reduce or eliminate some of 
their deficiencies. 
After determining the characteristics of the two types of detectors in 
the "as received" condition by both literature search and various experimen- 
tal techniques, methods of reducing or eliminating the undesirable features 
of the detectors were studied. 
Improvements include: 
a. 
l 
Mounting the detectors on individual ports for insertion into 
the integrating sphere. I 
b. Masking the edges of the lead sulfide cell. 
c. Masking, sandblesting, and smoking (MgO) the quartz envelope o n  
the photomultiplier tube. I 
2.2 INTRODUCTION 
Lead sulfide cell (PbS) and Photomultiplier (PM) tube detectors are the 
energy sensing elements normally associated with integrating sphere reflee- 
tometers. Earlier discussions (See Section 1.5.6.2) have shown that the 
geometrical arrangement of the detectors in the sphere relative to the 
sample surface, is of great importance in the consideration of errors 
associated with spectral reflectance measurenents. 
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Other  important  d e t e c t o r  c h a r a c t e r i s t i c s  which may i n f l u e n c e  t h e  
measurement e r r o r s  i nc lude :  
a. A r e a l l y  dependent response 
b. S p e c t r a l  s e n s i t i v i t y  and range 
c. Shor t  t e r m  s t a b i l i t y  
d. D i r e c t i o n a l  response 
e. P o l a r i z a t i o n  s e n s i t i v i t y  
The areal s e n s i t i v i t y  of a d e t e c t o r  may be  a s e r i o u s  l i m i t a t i o n  f o r  
photometr ic  work. 
cel l  d e t e c t o r s  has  been demonstrated i n  t h e  l i t e r a t u r e ” .  
e l i m i n a t e  t h e  e r r o r s  which may r e s u l t  from t h i s  s i t u a t i o n ,  one must a s s u r e  
t h a t  t h e  i n c i d e n t  energy i s  e s s e n t i a l l y  uniform over  t h e  d e t e c t o r  s ens i -  
t ive  area. For tuna te ly ,  t he  n a t u r e  of t h e  i n t e g r a t i n g  sphere  method of 
measurement i s  such t h a t  t h e  energy which even tua l ly  reaches t h e  d e t e c t o r  
i s  uniformly d i spe r sed .  The only p o r t i o n  of t h e  energy r e f l e c t e d  from t h e  
sample which is  n o t  uniformly d i spe r sed  i s  t h a t  which r e f l e c t e d  d i r e c t l y  
from t h e  sample onto  t h e  d e t e c t o r .  Locat ing t h e  d e t e c t o r  i n  t h e  sphere  
where i t  cannot ”see” t h e  samples eliminates t h i s  p o s s i b i l i t y .  
The h igh  areal s e n s i t i v i t y  of bo th  PM tube and PbS 
To reduce o r  
Another method t o  provide  uniformly d i spe r sed  energy on t h e  d e t e c t o r  
is t o  p l a c e  a d i f f u s i n g  s u r f a c e  o r  coa t ing  d i r e c t l y  above t h e  d e t e c t o r .  
This technique  is d i scussed  i n  the  s e c t i o n s  on PM tube  d i r e c t i o n a l  sensi- 
t i v i t y  (Sec t ion  2.3.5). 
For a p a r t i c u l a r  d e t e c t o r ,  t h e  s p e c t r a l  s e n s i t i v i t y  and range are 
fundamental  l i m i t a t i o n s .  
however, by use  of a f l u o r e s c e n t  coa t ing  over  t h e  d e t e c t o r  o r  on t h e  sphere  
The e f f e c t i v e  s p e c t r a l  range  can be broadened, 
w a l l s .  (Energy f r equenc ie s  o u t s i d e  t h e  s p e c t r a l  range  of t h e  d e t e c t o r  are 
absorbed by t h e  coa t ing  which i n  t u r n  f l u o r e s c e s  a t  f r equenc ie s  w i t h i n  t h e  
d e t e c t o r  s p e c t r a l  range) .  Sodium s i l i c y l a t e ,  i n  f a c t ,  i s  a c o a t i n g  f r e -  
quent ly  used t o  extend t h e  e f f e c t i v e  s p e c t r a l  range of pho tomul t ip l i e r  
tube  d e t e c t o r s .  The s h o r t  t e r m  s t a b i l i t y  is  ano the r  b a s i c  l i m i t a t i o n  of 
a p a r t i c u l a r  d e t e c t o r  and is  usua l ly  r e f l e c t e d  as n o i s e  o r  d r i f t  of t h e  
output  s i g n a l .  
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If a detector has undesirable directional response characteristics, 
steps may be taken to a,) improve these characteristics of the tube 
directly, b.) partially overcome these characteristics by special measure- 
ment techniques, or c.) partially account for these characteristics and 
modify the spectral data. Clearly, improvement of the directional charac- 
teristics directly is the most desirable approach. On the following pages 
are presented test data which demonstrate the dramatic improvements that 
can be made to the directional characteristics of a commercial photomulti- 
plier tube detector. 
A detector which is sensitive to the polarization of the incident 
energy may introduce errors in reflectance measurements. Only if one were 
perfectly assured that all of the energy incident on the detector was non- 
polarized could one assume this error to be negllgible. Data on the 
polarization sensitivity of a PM tube with various surface treatments are 
presented on the subsequent pages. 
The experimental work reported herein was primarily concerned with 
the PM tube detector (RCA 1P28), since the PbS cell detector characteris- 
tfzs have Seen analyzed and i-epow ~ecl By Revera 1 i nvps t igacnrs  9 ' 9 9 9 
2.3 PHOTOMULTIPLIER TUBE DETECTOR CHARACTERISTICS 
2.3.1 Description of Parameters Investigated 
Various optical characteristics of an RCA type 1P28 Photomultiplier 
tube (5-5 response) were investigated in detail. The response was meas- 
ured as a function of the direction, wavelength and polarization of the 
incident energy. Each of these variables was investigated for each of 
three photomultiplier (PM) tube quartz envelope treatments.' These were: 
a. Envelope masked 
quartz tube. 
b. Envelope masked 
dent energy. 
c .  Envelope masked 
to 3/8 inch diameter opening by painting the 
as above, opening sand-blasted to diffuse inci- 
as above, opening sand-blasted and coated with 
approximately two (2) mils of smoked magnesium oxide to diffuse 
incident energy. 
The PM tube masking and the angular conventions used are shown in 
- Figure 2-1. 
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F igu re  2-1: I l l u s t r a t i o n  of Angular Conventions and Piasking U s e d  on RCA 1P28 
Photomuitlplier Tube. 
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Figure  2-2. -De ta i l ed  Schematic Arrangement of RCA 1P28 Pho tomul t ip l i e r  Tube 
Electrical  S t r u c t u r e  (from RCA 1P28 PM Tube Data Sheetsls) 
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2.3.2 Method of Measureiiient 
The measurements w e r e  performed us ing  t h e  TRW B i d i r e c t i o n a l  Reflec- 
tometer  (BDR) w i t h  t h e  PM tube  i n  t h e  sample p o s i t i o n .  V a r i a t i o n  of t h e  
az imutha l  ang le  of energy inc idence  w a s  ob ta ined  by r o t a t i n g  t h e  d e t e c t o r  
about an  a x i s  normal t o  i t s  q u a r t z  envelope a t  t h e  c e n t e r  of t h e  opening 
i n  the  p a i n t e d  mask. 
were v a r i e d  as they normally are w i t h  t h e  TRW BDR. 
The p o l a r  a n g l e  of energy inc idence  and p o l a r i z a t i o n  
2.3.3 R e s u l t s  
The r e s u l t s  of t h e s e  measurements are shown i n  F igures  2 - 3 ,  2 - 4 ,  and 
A-38 through A-43 i n  t he  Appendix. 
2.3.4 Discussion of Resu l t s  
F igure  2-3 i s  g e n e r a l l y  r e p r e s e n t a t i v e  of t h e  d a t a  taken a t  an  az i -  
muthal ang le  of Cp = 0'.  
un t rea t ed  tube  is  h igh ly  d i r e c t i o n a l  w i t h  t h e  g r e a t e s t . s e n s i t i v i t y  a t  p o l a r  
angles  of energy inc idence  between +25 and -40 degrees .  
narrower angular  response than t h a t  r epor t ed  by RCA13 can most l i k e l y  be 
a t t r i ju t ses  the  m=.sking. The RCA data G i c i  n o t  s p e c i f y  a mask on t h e  
envelope, and i t  can probably be assumed t h a t  t h e  va lues  r epor t ed  are for 
an  unmasked tube.  Both the  TRW and RCA d a t a  show a displacement  of t h e  peak 
of t h e  response t o  approximately e i g h t  degrees  from t h e  tube normal. This  
seems reasonable  because of t h e  tube photocathode geometry i n  t h e  tube (See 
F igure  2 - 2 ) .  I 
One no te s  t h a t  t he  response of t he  masked b u t  
The somewhat 
Sandblas t ing  t h e  unmasked 318-inch diameter  area on t h e  q u a r t z  enve- 
lope  r e s u l t e d  i n  only  a s l i g h t  broadening of t h e  PI1 tube  angular  response 
(See F igure  2-3 ) .  
tube a t  8 = +45' w a s ,  however, e l imina ted  by t h i s  ope ra t ion .  
po in ted  o u t  t h a t  each curve shown i n  F igures  2-3 and 2-4 is normalized t o  
t h e  angu la r  peak of t h e  response  f o r  each  p a r t i c u l a r  PM tube cond i t ion .  The 
response of t h e  tube  a t  i ts  angular  peak a c t u a l l y  decreased t o  12% of i t s  . 
i n i t i a l  va lue  when sandb las t ed  and coa ted  w i t h  magnesium oxide.  
The "bump" i n  t h e  angular  response curve of t h e  un t r ea t ed  
It should be  
Comparison of t h e  curve r e p r e s e n t i n g  the  response of t h e  PM tube  a f t e r  
s andb las t ing  and coa t ing  wi th  MgO w i t h  the  cos ine  curve  i n  F igure  2-3 shows 
t h e  t r e a t e d  tube  t o  have a response which i s  ve ry  n e a r l y  cos ine .  __ - 
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Figure 2-4 shows the detector response to have essentially the same 
angular dependency for the opposite polarization for each condition, although 
the response to energy at this polarization is approximately two to three 
per cent lower. Only enough data was taken at this polarization to assure 
that the tube angular response did not deviate from that for the opposi'te 
polarization. 
Figures A-38 and A-39 in the Appendix present data for conditions simi- 
lar to those in Figures 2-3 and 2-4, except for the other azimuthal angle 
investigated, @ = 90". For 4 = go", the untreated tube has a much broader 
angular response than for 4 = Oo, although it is still far from cosine. 
Again, sandblasting the unmasked area on the quartz envelope does not im- 
prove the directional characteristics significantly, but the combined treat- 
ment (sandblasting and coating with MgO) modified the tube angular response 
to the extent that it compares favorably with a perfectly cosine response: 
The rube angular responses at the two opposite polarizations once again 
compare closely with one another. 
the response of the PM tube to incident energy of each polarization is 
essentially the same at $ = 9Co. 
Unlike the response at 4 = 0", however, 
Figures A-40 through A-43 in the Appendix show data taken at the same 
conditions as the data in Figures 2-3, 2-4, A-38, and A-39 except for the 
wavelength and polarizer. 
film polarizer (Polaroid KN36) was used. The results at this wavelength 
resemble that for 0.55 microns in that the angular response is not signifi- 
cantly improved by sandblasting, but compares favorably with the cosine 
response following sandblasting and coating with MgO. 
urement of directional reflectance in integrating spheres due to PM tube 
detector directional characteristics may be calculated from the data in 
Figures 2-3, 2-4 and A-38 through A-43 using the modification of Wildin'~'~ 
analytical methods presented in Reference 15. 
to calculate errors due to unequal detection of energy incident on the PM 
tube at the same polar angle but different azimuthal angles. 
errors resulting from unequal detection of energy incident on the PM tube 
These data were taken at 0.40 microns and another 
Errors in the meas- 
The data may be used directly 
To determine 
at different polar 
to the response at 
angles, the directional response curves must be normalized 
8 = 0" and compared to the cosine response curve. 
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It shculd be noted t h t  aliriiough the sandblasting treatment did little 
to alter the directional response, it does provide a rough surface to which 
the smoked MgO can adhere. 
of€ the tube. 
Without it, the layer of MgO smoke will slide 
2.3.5 Discussion of Related Literature on the PM Tube 
2.3.5.1 Areal Sensitivity 
The RCA literature on the 1P-28 PM tube13 presents data on the areal 
sensitivity along the two major axes (Figures 2-5 and 2-6). 
Schneider'l at the National Bureau of Standards expanded on the RGA data 
by completely mapping the areal sensitivity of this detector (Figure 2-7). 
This figure shows the approximate location of the circular area left un- 
coated on the PM tube analyzed in the present work. 
further demonstrate the importance of diffusing the energy incident on the 
tube to reduce measurement errors. A diffuse coating tends to "smear" the 
incident energy over the sensitive area uniformly, regardless of its point 
of incidence on the tube. 
Stair and 
These data tend to 
2.3.5.2 Soectral Sensit3ysp. 
Figure 2-8, extracted from the RCA 1P-28 tube data sheets, shows the 
spectral sensitivity of the tube. 
and sensitivity are fundamental limitations of detectors, The spectral 
range of a PM tube can be extended to slightly shorter wavelengths by the 
addition of a thin sodium silicylate coating. 
A s  discussed earlier, the spectral range 
The spectral data in Figure 2-8 are for tubes with no diffusing coating. 
The addition of a thin MgO coating probably reduces the spectral sensitivity 
and range, although this parameter was not investigated in the present study. 
It was found, as mentioned earlier, that the tube response was reduced by 
approximately 90% at. the wavelengths investigated upon application of a MgO 
coating. 
2.3.5.3 Directional Sensitivity 
The RCA PM tube data sheets show the uncoated tube response as a func- 
These data have been recopied and tion of polar angle of energy incidence. 
are shown in Figure 2-3. The uncoated tube is seen to be unsatisfactory for 
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FIGURE 2-5 FIGGRE 2-6 
- _  . .  . F *  * .  
TYPICAL VARIATION OF PHOTOCATHODE 
SENSITIVITY ACROSS PROJECTED WIDTH 
IN FiAEiE OF G R I L L  ( R e f .  13) 
1 
- -  
TYPICAL VARIATION OF PHOTOCATHODE 
SENSITIVITY ALONG TUBE LENGTH. (Ref, 13) 
[SPOT SIZE : 1 MU Did. k V R O X  
DISTANCE ALONG CATHODE FROM END 
OF CATHODE NEARER BASE-MILLIMETERS 9xs-766JR2 DISTANCE ALONG PLANE OF GRILL FROM LEFT TO RIGHT-MILLIMETERS 9xs-766m 
FIGURE 2-7: VARIATION IN SENSITIVITY OVER THE SURFACE OF A 
1P-28 PHOTOMULTIPLIER (After S t a i r  and Schneider’ ’) 
mask similar to that used on TRW PM tube detectors.) 
(Circle and cross-hatched areas shown one centimeter diameter 
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SPECTRAL RESPONSE CHARACTERISTICS 
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FIGURE 2-8: SPECTRAL SENSITIVITY OF UNCOATED RCA 1P-28 
PHOTOMULTIPLIER TUBE 
(From RCA 1P-28 PM Tube Data SheetsI3) 
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i n t e g r a t i n g  sphere measurements due t o  i,ts high angular s e n s i t i v i t y .  
Edwards, e t  aZ. , reported d a t a  taken on the  d i r e c t i o n a l  s e n s i t i v i t y  
of a PM tube but d i d  not mention the  wavelength used i n  t h e  experiment. 
The opa l  g l a s s  de t ec to r  cover repor ted  the re  appears t o  be e f f e c t i v e  i n  
providing a de tec to r  response which is  near ly  cosine,  
s e n s i t i v i t y  as a func t ion  of p o l a r i z a t i o n  state of i nc iden t  energy w a s  no t  
i nves t iga t ed  i n  t h i s  e a r l y  work. 
2.3.6 Conclusions and Recommendations 
The d i r e c t i o n a l  
An uncoated, uncovered RCA type 1P-28 PM tube i s  highly s e n s i t i v e  t o  
polar  and azimuthal angle of energy incidence,  and has high areal  non-uni- 
formity,  It does n o t ,  however, s e e m  t o  be highly s e n s i t i v e  t o  the  po la r i -  
za t ion  s t a t e  of i nc iden t  energy. 
The d i r e c t i o n a l  c h a r a c t e r i s t i c s  are only s l i g h t l y  improved by sand- 
b l a s t i n g  the PM tube. The combined treatment of sandblas t ing  t h e  tube and 
applying a l i g h t  coat of MgO, however, r e s u l t s  i n  s i g n i f i c a n t  improvements 
i n  the  tube angular p rope r t i e s .  It is  believed t h a t  the  d i f f u s e  overcoating 
a l s o  improves the  areal s e n s i t i v i t y  s i g n i f i c a n t l y ,  although nn rneasnreneits 
w e r e  taken t o  confirm t h i s .  
The only disadvantageous e f f e c t  of t h e  over-coating appears t o  be a 
l a r g e  (%go%) decrease i n  the  de t ec to r  response. This is  due t o  t h e  high 
coating r e f l ec t ance  and some coa t ing  absorptance of t he  inc iden t  f lux .  
de t ec to r  ou tput ,  however, is s t i l l  s u f f i c i e n t l y  high t o  obta in  r e l i a b l e  
2.4 LEAD SULFIDE CELL CHARACTERISTICS 
I n  t h i s  s ec t ion ,  we r e l y  p r i n c i p a l l y  upon t h e  published . l i t e r a t u r e  
concerning PbS c e l l  de t ec to r s .  
C e l l s  with s e n s i t i v e  area 1 c m  square and a r e l a t i v e l y  long t i m e  
The 
da ta  
constant (>300 microseconds), such as produced by Eastman Kodak, In f r a red  
I n d u s t r i e s ,  and Santa Barbara Research Center, are commonly used. 
The s p e c t r a l  d e t e c t i v i t y  of an In f ra red  I n d u s t r i e s  Type T cell  i s  
shown i n  Figure 2-9 from Reference 12. 
The relative areal s e n s i t i v i t y  of an Eastman cel l  f o r  normally inci-  
dent tungsten lamp source r a d i a t i o n  is  shown i n  Figure 2-10.from Ref. 11. 
.- I 
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The s e n s i t i v i t y  i s  somewhat g r e a t e r  n e a r  the e l e c t r o d e s  than nea r  t h e  s i d e  
edges. 
Covering the  s u r f a c e  and edges wi th  an opaque mask wi th  a c i r c u l a r  
opening, as shown i n  F igure  1-16, Sec t ion  1.5.6.2,  serves t o  e l i m i n a t e  c e l l  
areas of r e l a t i v e l y  low s e n s i t i v i t y .  
I n  F igure  2-11, t h e  p o l a r  ang le  response of an  Eastman Ektron Type N 
C e l l  is  drawn f o r  two azimuthal  o r i e n t a t i o n s  (Ref,  5).  The i n c i d e n t  l igh t :  
is assumed t o  be from an unpolar ized  tungs t en  lamp. 
The l a r g e  d i f f e r e n c e s  f o r  az imutha l  o r i e n t a t i o n s  90" apart  is g r e a t l y  
reduced by p a i n t i n g  t h e  s i d e  edges wi th  b lack  p a i n t .  
dence is  completely e l imina ted  by masking t h e  ce l l  as descr ibed  above and 
shown i n  F igure  1-16. Since the  PbS ce l l  has  a l a r g e  index of r e f r a c t i o n ,  
t he  ce l l  w i l l  r e f l e c t  a l a r g e  f r a c t i o n  (20 t o  80%) of t he  l i g h t  i n c i d e n t  
as a f u n c t i o n  of wavelength,  ang le  of inc idence  a.nd p o l a r i z a t i o n .  There- 
f o r e ,  d e v i a t i o n s  from a cos ine  p o l a r  ang le  response are expected (Shown i n  
Figure  2-11). 
This  az imutha l  depen- 
,Ab tr;dF of sl- L1le 2oiar iza i2on  Gepencierrce of t h e  response w a s  r epor t ed  
by Schaefer  (Ref. 3 ) .  Although the  d a t a  r epor t ed  t h e r e i n  i s  inadequate  f o r  
c h a r a c t e r i z i n g  a given d e t e c t o r ,  i t  does i l l u s t r a t e  p o s s i b l e  l a r g e  p o l a r i k  
z a t i o n  e f f e c t s .  Fo r tuna te ly ,  i n  i n t e g r a t i n g  sphe res ,  all energy s t r i k i n g  
t h e  d e t e c t o r  has  r e f l e c t e d  a t  least one t i m e  from t h e  MgO w a l l  coa t ing ,  and 
1 
1 
I 
i s  t h e r e f o r e  cons iderably  depolar ized  (See Table  1-19). 
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FIGURE 2-10: VARIATION IN SENSITIVITY OVER THE SURFACE 
OF AN EASTMAN PbS CELL ( R e f .  11) ' 
(Tungsten Lamp Source; Normal  Incidence) 
(Recommended mask is shown) 
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APPENTIIX 
A . l  AGING CHARACTERISTICS OF SMOKED AND POWDER MgO SURFACES 
A d e t a i l e d  d i s c u s s i o n  of t h e  ag ing  c h a r a c t e r i s t i c s  of smoked MgO and 
MgO powder s u r f a c e s  i s  g iven  i n  Sec t ion  1 . 2  of t h i s  r e p o r t ,  Th i s  d i s -  
cuss ion  i s  supplemented wi th  F igures  A 1  through A9 of t h e  fo l lowing  pages,  
which are graphs showing t h e  degrada t ion  of several d i f f e r e n t  MgO s u r f a c e s  
due t o  aging.  
A.2 SPECTRAL DIRECTIONAL REFLECTANCE OF MgO 
The d i s c u s s i o n  of t h e  s p e c t r a l  d i r e c t i o n a l  r e f l e c t a n c e  of MgO i s  pre- 
s en ted  i n  Sec t ion  1.5 of t h i s  r e p o r t ,  Tables  A-1 through A-7 t a b u l a t e  
t h e  c o r r e c t e d  va lues  of d i r e c t i o n a l  r e f l e c t a n c e .  F igures  A-10 through 
A-16 supplement t h e  graphs shown i n  Sec t ion  1.5. 
A.3  SPECTRAL BIDIRECTIONAL REFLECTANCE OF MgO 
The s p e c t r a l  b i d i r e c t i o n a l  r e f l e c t a n c e  (BDR) of MgO is  d i scussed  i n  
Sec t ion  1.6. This  d i scuss ion  inc ludes  t h e  graphs of a p o r t i o n  of the  d a t a  
takeii. Ylgures A-1 7 throrigh A-39 zro, g.rzFhlza3 p i - e ~ a - ~ ~ a t f u a s  l' he 
remainder of t h e  d a t a .  De ta i l ed  comments on t h e  BDR c h a r a c t e r i s t i c s  are 
given  fo l lowing  Figure  A-38. i I 
A .4  DIRECTIONAL RESPONSE CHARACTERISTICS OF THE RCA 1P28 PHOTOMULTIPLIER 
i TUBE DETECTOR 
F igures  A-39 through A-44, which show t h e  d i r e c t i o n a l  response charac- 
teristics of t h e  RCA 1P28 pho tomul t ip l i e r  tube  d e t e c t o r ,  supplement: t h e  
d i s c u s s i o n  and f i g u r e s  presented  i n  Sec t ion  2 . 3 ,  
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TABLE A-1 
TABULATION OF CORRECTED VALUES OF SPECTRAL DIRECTIONAL REFLECTANCE 
.950 .950 
.950 
.982 .984 
.983  
,982 
.975 .980 
.978 
.957 ,959 
.958 
.918 .921  
.920 
.840 ,843  
.842 
.982 ,983  
._ 
Sample 570-68 - Smoked MgO - 1 mm t h i c k  - 170 hours  o l d  
.957 ,955 .973 ,972  
.956 ,972  
,983  ,983  .985 .988 
.983 .986 
,982 ,988  
.974 ,981 .979 .989 
.978 ,984 
.969 .963  .971  .973 
.966 ,972  
.924 ,926 .942 .943 
,925 .942 
.852 .856 ,881 .879 
.854 ,880  
.983 .982 .987 . 9 m  
(average) - 
1.50 
2.50 
.840 .828 
.978 .976 
,957 .953 .949 ,947 
30 O 
0" 10" 30 " 40" 
I I  1, I I  1 1 1  _L I I  I_ 
I I  1, 
50' 
I I  I_ 
.946 .946 
.946 
.984 .981  
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, 9 8 1  .978 
.943 ,946 
.944 
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.988 
.984 ,983  
.984 
.976 ,984 
.980 
,955 .959 
,957 
,924 ,927 
.926 
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.861 
.980 
.978 .979 
,952 ,951  .956 .953 .961  .959 
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.988 .988 ,988  
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.986 .988 .991  
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-985  .983 .981 
.964 .969 .968  .974 .967 ,973  
.966 .971 .965 
,927 .937 ,935  ,944 .939 .946 
.932 ,940 .942 
,867 .867 .870 .873 .883 .886 
.867 .872 .884 
.978 
,954  ,953  
.954 
. 9 1 3 .  . 9 l 7  
7 
.915 
.837 .835 
.836 
I 
40" 50 75" 
1 
-.--I 
IHDLC A-2 
TABULATION OF CORRECTED VALUES OF SPECTRAL DIRECTIONAL REFLECTANCE 
Sample 571-68 - Smoked MgO - 2 mm t h i c k  - 186 hours  old 
P o l a r  Angle 9 
P o l a r i z a t i o n  R e l -  
a t ive t o  P l a n e  of 
Inc idence  
Wavelength .- 
(Microns) 
.40 
.60 
.80 
1.00 
1.50 
2.00 
2.50 
(average)  - 
(average)  - 
(average)  - 
(average)  - 
(average)  - 
(average) - 
(average) - 
,944 ,948 
.946 
.993 .998 
.966 
,988 ,990 
.989 
.985 .984 
.984 
,965 .961 
,963  
.929 .931  
.931  
.870 ,868 
.869 
I 
75" 
i l l  1 
.973 .973 
.973  
.988  , 9 9 1  
.990 
.988  .988 
.988 
.987 .983 
.985 
.977 .983  
.980 
,952 .963  
.958 
, 9 0 1  .904 
.904 
TABLE A-3 
TABULATION OF CORRECTED VALUES OF SPECTRAL DIRECTIONAL REFLECTANCE 
Sample 572-68 - E l e c t r o s t ~ t f t a l l y  Smoked MgO - 3 mm t h i c k  
172  h o u r s  o l d  
P o l a r  Angle 0 0" 10 " 
(average)  - I ,932 1 ,933  
.60 1.977 .9781 .977 .979 
P o l a r i z a t i o n  Rela- 
t ive t o  P l a n e  o f  1 1  J, 
I n c i d e n c e  
Wavelength 
(Microns ) 
.40 .932 .931  
I 1 1 
, 931  .935 
(average)  - { .976 I ,975 
1.50 1.962 ,9641.961 ,964 
30 O 40 O I 50 O 
.938 ,940 
939 
.978 ,983  
.980 
.977 .981 
.978 
.979 ,981  
,980 
,967 .969 
.968 
.932 .937 
* 934 
.871 .a72 
.872 (average)  - I ,866 I .866 
,937 .940 ,943  ,945 
,938 * 944 
,980 .987 .978 .987 
.984 ,984 
.980 ,981  .983 ,983  
,980 * 983 
,978 ,983 ,979 .985 
,980 .982 
.968 ,970 .969 .971 
,969 ,970 
,935 .940 ,939 ,944 
,938 .942 
.874 .877 ,885 .886 
,876 .886 
(average)  - 
(average)  - .80 
1.00 
,978 .978 
,974 .975 ,974 .977 
,974 .976 
,975 ,976 .973 ,977 
75" 1 
( ave rage )  - I .963 
.963  .957 
.962 
.982 9960 .986 I 
(average)  - 
2.50 
.984 
.983 .981 
,982 
.981 .984 
.982 
,971  .976 
.974 
.952 .958 
.955 
.901  .907 
,904 
.930 ,930 
.867 .a66 .'866 .865 
TABLE ~ - 4  
TABULATION OF CORRECTED VALUES OF SPECTRAL DIRECTIONAL REFLECTANCE 
Sample 576-68 - Smoked MgO - 4 mm t h i c k  - 175 hour s  o l d  
P o l a r  Angle 6 0" 
P o l a r i z a r i o n  R e l -  
I n c i d e n c e  
Wavelength 
(Microns) 
a t i ve toP1aneof  I1 _L 
. .40 .931 .937 
(average)  - ,934 
10 O 30" 40 " 50" 75 " 
I1 I, I I  1, I I  I, 1 1  1 { I  1_ 
,931  .936 ,937 .939 .938 ,940 ,946 .948 .960 ,967 
.934 ,938 ,939 .947 , 9 6 1  
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TABLE A5 
TABULATION OF COP,RECTED VALUES OF SPECTRAL DIRECTIONAL REFLECTAXCE 
Sample 577-68 - Smoked NgO - 2 nm thick. - No Elcctro- 
s t a t i c  F ie ld  - 240 hours o l d  
.930 .929 
.930 
.979 .98C 
,980 
.978 ,977 
,978 
.976 .981 
.978 
.960 .967 
,964 
,924 .935 
,930 
,857 .856 
.856 
Pola r  Angle 0 
Pola r i za t ion  R e l -  
a t i v e  to  Plane of 
.932 ,930 ,933 .934 ,937 .938 .942 .945 
,931 .934 .9 38. ,944 
,982 ,979 ,986 ,985 -987 .984 .988 .987 
,980 .986 ,986 .988 
.976 .975 ,982 .980 .980 .980 .990 .984 
,976 .981 ,980 .987 
,976 ,981 .984 .989 ,983 .991 ,984 .990 
,978 ,986 ,987 .987 
,959 .965 .965 .968 .965 .969 ,973 ,975 
,962 ,966 .967 .974 
.925 .932 ,931 .937 .935 .943 .940 .948 
.928 .934 ,939 ,944 
,855 .855 ,857 .861 .860 .863 .874 .871 
,855 .859 ,862 ,872 
Incidence 
Wavelength 
(Microns) 
.40 
.60 
.80 
1.00 
1.50 
(average) - 
(average) - 
(average)- 
(average)- 
(average)- 
2 .oo 
(average) - 
2.50 
(average) - 
OQ 1 , , ,  10 O I 30 O I 40" I 50" 
TABULATION OF CORRECTED VALUES OF SPECTRAL DIRECTIONAL REFLECTANCE 
174 hours old 
Sample 579-68 - Pressed MgO Powder - 3 mm th ick  
Polar  Angle 8 
- Pola r i za t ion  R e l -  
a t i v e  t o  Plane of 
Incidence 
Wavelength 
(Microns) 
.40 
.60 
.80 
1 .oo 
1.50 
2.00 
2.50 
. (average)- 
(average) - 
(average 1- 
(average)- 
(average)- 
(average)- 
(average) - 
75 " 
I 1  1, 
.965 ,962 
964 
.992 ,990 
,991 
.990 ,987 
.988 
,986 .993 
.990 
.981 .983 
,982 
.956 .963 
,960 
.896 .902 
,899 
TABLE A7 
.930 .937 
,934 
.982 .985 
.984 
,984 ,990 
.987 
,978 ,988 
,983  
.926 ,928 
,927 
.837 .843 
.840 
.689 .692 
.690 
TABULATION OF CORRECTED VALUES OF SPECTRAL DIRECTIONAL REFLECTANCE 
Sample 580-70 - Pressed MgO Powder - 4mm thick - 1 7 1  hours o l d  
.933 .935 .941 .945 
.934 ,943  
.983 .986 .983 ,985 
.984 .984 
,984 .988 .984 ,985 
,986 .984 
.975 ,986 ,984 .98P 
,980 .986 
.932 ,934 -937 ,936 
.933 .936 
.845 .852 .855 .86C 
.848 .858 
.696 .699 ,714 .725  
. m a  .720 
P o l a r  Angle f3 
Polarization Rel- 
ative to Plane o f  
Incidence 
Wavelength 
(Microns) 
40 
.60 
(average) - 
(average) - 
.80 
(average) - 
1.00 
(average) - 
1.50  
(average) - 
2.00 
(average) - 
2.50 
(average) - 
0" 
I I  1, 
.930 .931 
,930 
.984 .98: 
.984 
.991 .985 
.988 
.47s ,982 
.978 
,922 ,921 
.922 
.826 .82; 
,826 
.676 .675 
.678 
10 O 
It I- 
.929 ,932 
.930 
.980 ,982 
,981  
,984 ,982 
,983 
.974 .980 
,977 
.919 ,921  
.920 
, 821  ,831 
,826 
.669 .676 
.672 
30" 40" 50 " I i 75" 
.955 .957 
.956 
.982 ,986 
.984 
.987 
.986 ,989 
988 
.951  .953 
.952 
.882 .88E 
.885 
.757 .772 
.765 
.gag .986 
CUSTOMER CODE NO. : 
ANGLES : 
POLAR, 9 
MI-, 9 
MEAS UREMEHTS 
INSTRUMENTS 
FIGURE A10 
00 
TRW DESIGNATION: 90 
SIN 570-68 
80 
MATERIAL : 
Smoked MgO, lmm thick 
E l e c t r o s t a t i c  field 
used 170 hours old 
70 
60 
50 
WAVELENGTH (MICRONS) 
CUSTOMER CODE NO.: 
TRW DESIGNATION: 
S I N  571-68 
MATERIAL 
ANGLES : 
POLAR, 8 
AZIMUTHAL, + 
MEASUREMENT 
INSTRUMENTS 
FIGURE All 
- 
WAVELENGTH (MICRONS) 
60 
50 
- Po ar Ang e ,  - - .Polar Angle, -js 80; - Pola r  Angle, e, = 75 
. 3  . .4 . 5  .6 - .8 I 1 . 5  2 
60 
50 
CUSTOHER CODE NO,: 
T R W  DESIGNATION : 
SIN 572-68 
MATERIAL : 
Smoked MgO, 3mm t h  
E l e c t r o s t a t i c a l l y  
Applied,  N 172 hou 
ANGLES : 
POLAR, 8 
AZIMUTHAL, 4 
WEASURENENTS 
INSTRUPIENTS 
FIGURE A12 
WAVELENGliW (MICRONS) 
CUSTOHER CODE NO.: 
TRW DESIGNATION : 
SIN 576-68 
MATERIAL 
Smoked MgO 
Elect ro s t a  
used, - 17 
ANGLES : 
POLAR, e 
AZIMUTHAL, $ 
Y 
.ti 
5 
4mm 
.c fi 
hour 
MEASUREMENT 
INSTRUMENTS 
FIGURE A13 
_- 
WAVELENGTH (MICRONS) 
0 a 
A 
- P o l a r  Angle ,+ ,  = Oo - P o l a r  Angle, c, = 40' 
- P o l a r  Angle, %, = 75' 
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e l d  
'S 01 
. 3  .4  . 5  .6 .a 1 1 . 5  2 
100 
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.k80 
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50 
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1.5 2 .5 * .4 .5 .6 .8 1 
CUSTOMER CODE NO 
TRW DESIGNATION: 
SIN 577-68 
.. 
MATERIAL : 
Smoked MgO, 2 mm 
No e l e c t r o s t a t i c  
P' 240 hours  o 
ANGLES : 
POLAR, 9 
AZIMUTHAL, $I 
th ic  
f iel 
d 
MEASUREMENTS 
INSTRUMENTS 
FIGURE A14 
WAVELENGTI: (HIC;iciwS) 
CUSTOMER CODE NO.: 
T R W  DESIGNATION: 
S / N  5 7 9 ~ 6 8  
MATERIAL 
Pressed  M g O  Powder, 
3 mm thick, ~ 1 7 4  
' hours o l d  
ANGLES : 
POLAR, e 
AZIMUTHAL, 4 
MEASUREMENT 
INSTRUMENTS 
FIGURE A15 
100 
90 
80 :k 
-d Y 
70 
- P o l a r  Angle, e, = 0' 
- P o l a r  Angle, 
r i  - P o l a r  Angle, e, = 75  , = 40' 
60 
50 
.oo 
90 
80 
70 
60 
50 
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CUSTOMER CODE NO.: 
' TRW DESIGNATION : 
S I N  580-68 
MATERIAL : 
Pressed MgO Powder, 
4 mm thick, - 171 
h o u r s  old. 
ANGLES : 
POLAR, 8 
AZIMUTHAL, (p 
MEASUREMENTS 
INSTRUMENTS 
FIGURE A16 
TRW DESIGNATION: 
MATERIAL 
ANGLES : 
POLAR, 8 
AZIMUTHAL, + 
MEASUREMENT 
INSTRUMENTS 
FIGURE A17 
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FIGURE A17 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3mm THICK, SMP'LE. 572-68 
- 
FIGURE A18 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3 m  THICK, S 
, 9  
;! > 
- 4 1  5- ( 
FIGURE A19 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTA'IICULY 
DEPOSITED, 3 ~ l  THICK, SAMPLE 572-68 
2.0 1.8 1.6 1.4 1.2 1.0 .8 .6 .4 .2 0 .2 .4 .6 .8 1.0 1.2'1.4 1 . 6  1.8 2 . 0  
I 
I 
FIGURE AZO RETATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3m THICK, SAMPLE 572-68 
t -A16- 1 i. 
I 
\ 
I 
FIGURE A21 RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3~ THICK, SAMPLE 572-68 
FIGURE A22: RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3~ THICK, SAMPLE 572-68 
-h17- 
- 
FIGURE ~ 2 3 :  RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
DEPOSITED, 3mm THICK, SAMPLE 572-68 
2.0 1.8 1.6 1.4 1.2 1.0 .8 .6 .4 .2 0 .2 .4 ,6 .8 1.6 1.2 1.4 1.6 1.8 2 
FIGURE A24: RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO SMOKE, ELECTROSTATICALLY 
- 
DEPOSITED, 3 ~ n  THICK, SAMPLE 572-68 
-. -~ . . _.I_ .. . . . .-”: -A18- 
0 
. P  t 
"I 
= 0.51.1 
t 
FIGURE A25: RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4mm THICK, 
SAMPLE 586-69 
= 0.5p 
FIGURE A26: GLATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4mm THICK, 
SAMPM 5430-68 
-A19- 
1.1 1.0 .9 .8 .7 .6  .5 .4 . 3  .2 .1 - 2  . 3  .4 .5 .6 .7 ..8 .9 1.0 1.1 
FIGURE A27:  RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4m THICK, 
SAMPLE 580-68 
1 
f 0.51.1 
- 
FIGURE A28: RELATIVE BIDIRECTIONAL, REFLECTANCE OF MgO PRESSED POWDER, 4mm THICK, 
SAMPLE 580-68 
-A20- 
I 
FIGURE A29: RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4m THICK, 
SAMPLE 580-68 
i 
FIGURE A30: RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4mm THICK, 
S M L E  580-68 
2.0 1.8 1.6 1.4 1.2 1.0 .8 .6 .4  .2 0 . 2  .I) .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 
FIGURE A31: ULATIVE BIDIRECTIONAI, REFLECTANCE OF M ~ O  PRESSED POWDER, 4m THICK, 
SAMPLE 580-68 
LEGEND 
I I I I I 1 1 I 1 1 1 90° 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
-A22- 
LEGEND 
4 e,= 0" 
FIGURE A32: RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4rmn THICK, 
SAMPLE 580-68 
i 1.1 1.0 .9 .8 . 7  .6 .5 .4 . 3  .2 .1 .2  , 3  ,4 .5 .6 . . 7  .8 .9 1.0 1.1 
I 
- 
FIGURE . A 3 3 :  RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4mm THICK, 
SAMPLE 580-68 
-A2 3- 
. ,-  
FIGURE A 3 4 :  RELATIVE BIDIRECTIONAL REFLECTANCE OF Mg0 PRESSED POWDER, 4m THICK, 
SAMPLE 580-68 
= 1.5~ = 40° 
1.1 1.0 .9 .8 
FIGURE A35: 
--. 
\ 
R E G T I V E  BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4mm THICK, 
SAMPLE 580-68 
-A2 4- 
.^".. .I- 
. .  
LEGEND 
FIGURE A36: RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4 m  THICK, 
SAMPLE 580-68 
- 
FIGURE A37: RELATIVE BIDIRECTIONAL REFLECTANCE OF MgO PRESSED POWDER, 4mm THICK, 
SAMPLE 580-68 
-A25- 
2 . 0  1.8 1.6 1 . 4  1 .2  1.0 .8 .6 .4 .2 0 .2  ,4 .6 .8 1.0 1.2 1.4 1 . 6  1.8 2.0 
FIGURE A 3 8 :  RELATIVE BTDIRECTIOKAL REFLECTANCE O F  MgO PRESSED POWDER, 4m THICK,  
SAMPLE 580-68 
-A26- ,-J '1
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DETAILED COMMENTS ON THE BIDIRECTIONAL REFLECTANCE 
OF T'W2XSIt'i-i G I E E  SGRr'ACES 
Plane of Ref lec tance  is  t h e  same a s  t h e  Plane of Incidence ($2 = 0, 180O) 
8 1  SAMPLE A FIGURE 
0" 
572-68 0.5 1-28 F a i r l y  d i f f u s e ,  pB(20") - pB(75") 2 15%; r e f l e c t a n c e  de- 
(smoked) creases f o r  02 > 50", same a p p l i e s  f o r  each p o l a r i z a t i o n ;  
P B ( i y L )  is s l i g h t l y  h igher  than pB(ll,l!) except  f o r  8 2  < 40" 
where PB(L,L) c: ~ ( I I , I I )  ; more d e p o l a r i z a t i o n  f o r  I i n c i d e n c e .  
1.5 A17 S i m i l a r  t o  ~ ~ ( 0 . 5 ~ )  except  cons iderably  less depolar ized  
and pB(L,L) is more d i f f u s e  than p B ( ~ ~ , ! ~ ) ;  pg(2Oo)-pg(75") 
580-68 0.5 A25 S i m i l a r  t o  smoked MgO a t  same condi t ions  except  depolar i -  
25% 
(preseed) z a t i o n  is  less f o r  I i n c i d e n c e .  
1 . 5  A32 S i m i l a r  t o  smoked MgO a t  same condi t ions  except  p B ( i , b  
is more d i f f u s e .  
40 O 
(smoked) 0.5 1-29 pg(l,L) and ~ g ( l l , I t )  a r e  f a i r l y  d i f f u s e  f o r  4 2  = 180" w i t h  
@(1,1) l a r g e r  than @(//,ll) by 10%. I n  backward d i rec-  
t i o n  ($2 = O"), pB(JJ,tt) > p B ( l , l )  s l i g h t l y ,  and back r e f l e c t -  
t ance  > forward r e f l e c t a n c e :  10% > f o r  b(-L,L) and 20°>for 
pB(lI,l1). P,(.L,II) and % ( ] l , i )  decrease r a p i d l y  w i t h  82 f o r  
$7 = ilhirs, ibpn3srizz1ticc i=. Iczs f c ~  SGTY,GYJ arigies, 
e s p e c i a l l y  high forward angles .  
complete f o r  @(i,l) a t  t h e  backward angle .  
1.5 A 1 8  Depolar iza t ion  is  less  complete than f o r  h = 0.51.1. Di f fe r -  
ence between p~(1,L) and p~(iJ, i1) is  g r e a t e r .  
The d i f f e r e n c e s  between p~(lI,!1) and p ~ ( l , L )  are g r e a t e l  than 
f o r  smoked MgO, e s p e c i a l l y  i n  forward d i r e c t i o n .  p~ (1, / I )  
and m(lj , l )  are n e a r l y  equal  and f a i r l y  cosine.  Depolari-  
z a t i o n ,  i n  genera l ,  i s  less complete than f o r  smoked MgO. 
Depolar iza t ion  i s  more 
1 
(pressed)  0.5 A26 
1.5 A33 Qui te  similar t o  smoked Mgo a t  same condi t ions  except  
h igher  r e f l e c t a n c e  i n  forward d i rec t :  .,on. 
60 O 
(smoked) 0.5 1-30 pgd , l )  and pB(l [,J I) i n c r e a s e  r a p i d l y  w i t h  i n c r e a s i n g  02, 
from 62 > 20" b o t h  i n  backward and forward d i r e c t i o n .  
p U,ll) and pg(l],i) i n c r e a s e  w i t h  82 i n  forward d i r e c t i o n  
(82 = 180O). ~ g ( l l , f l )  - 
less d i f f u s e  f o r  01 = 60" than f o r  81 = 0" o r  48" f o r  a l l  
p o l a r i z a t i o n s  of i n c i d e n t  and r e f l e c t e d  energy. 
is about: twice t h e  va lue  of 
@(l& - & ( l , j j )  i n  t h e  2 ackward d i r e c t i o n .  p is  much 
- e l  SAMPLE x FIGURE 
&([,I) > p ~ ( ! l , l ] )  in forward direction and p ~ { l , L )  p~( l I , l I )  
in backward direction. At high angles in forward direction, 
the reflected beam is very polarized regardless of polari- 
zation of incident beam. 
1.5 A19 pB(ll,ll) and p B ( 1 , l )  increase rapidly with increasing 82 in 
forward direction. Same characteristics as for X = 0.5 
except more energy scattered in the forward plane and 
' decreased back-reflectance. 
NOTE: No 81 = 60" data was 
taken for pressed MgO. 
75 
(smoked) 0.5 1-31 P B ( l , l )  and PB(I{,!o are nearly equal. ~B(II,L> and a(l,li) 
are nearly equal and almost diffuse in forward direction 
and increase with 82 in backward direction. The ~ B ' S  at 
the various polarization conditions are in the same rela- 
tive order as for 81 = 60" in backward and forward direc- 
tions. The backward reflectance is larger than the forward 
reflectance up to at least 82 = 60". 
1.5 A20 Depolarization is less complete than at X = 0.5 and for- 
ward scattering is greater. 
(pressed) 0.5 A31 Similar to smoked MgO except forward scattering is larger. 
Back scattering is about the same. 
1.5 A38 @(j,I() and a(//& are fairly diffuse. p ~ ( l J )  is much 
larger than &(I/,l]) in the forward direction. Very much 
forward scattering of p B ( l , i )  and p ~ ( ~ { ~ l l ) .  
Plane of Reflectance is out of the Plane of Incidence ($2 # 0", 180") 
81 SAMPLE FIGURE @2 
40" 
(smoked) 0.5 1-32 45'6135" 
1-33 90" 
Fairly diffuse except for 82 ,270°, where depolari- 
zation decreases. 
the same. p~(L,11) > p ~ ( I / , l )  by about 10%. ps values 
are generally larger in 42 = 45" plane than in 
$2 = 135" plane. 
%(-L,l) J occurs for 8 2  260' i n  the $2 = 45 
p ~ d , I l )  and p ~ ( [ l , L )  are about the same as f o r  $2 = 45" ,  
135 " but p&,L) and p~ (1 1 I I  ) are smaller. 
depolarization" occurs for 1. incidence at 4 2  2 15". 
p ~ u , l )  and pB((l,jl) are about 
"Over-depolarization" f %U,II) > 
plane. 
"Gver-. 
-A28- 
- . . ,. . . . . 
01 SAMPLE X FIGURE $ 2  
1.5 A 2 1  
A2 2 
0.5 A27 
A2 8 
1.5 A34 
A35 
70" 
(smoked) 6.5 j.-?L 
1-35 
1.5 A24 
A2 3 
45 "&l35 " 
90" 
45"&135" 
90 O 
45" &135 " 
90" 
it5 E & 125 = 
90" 
45 "bI.35" 
90"' 
F a i r l y  d i f f use .  
less complete than f o r  F i n c i d e n c e .  
]I i n c i d e n c e . a r e  h igher  i n  $2 = 45" p lane  than i n  
135" p lane .  "Over-depoLarization" occurs  f o r  
inc idence  a t  $2 = 45" and 0 2  > 30". 
For i 1 inc idence ,  depDlar iza t ion  is  
~g v a l u e s  f o r  
S i m i l a r  t o  % a t  X = 0 . 5 ~  and same condi t ions .  
"Over-depolarization" f o r  0 2  > 20". 
F a i r l y  d i f f u s e .  R e l a t i v e l y  more energy i s  r e f l e c t e d  
i n  r)12 = 45" plane than i n  $ 2 =  135" plane.  Depolari-  
z a t i o n  i s  much less complete than f o r  smoked MgO a t  
same condi t ions .  
p B ( l , L )  and PB(iI,II) a r e  very n e a r l y  equal.  and q u i t e  
d i f f u s e ,  Depolar iza t ion  is  f a i r l y  complete. 
"Over-depolarization" f o r  incidence i n  $2 = 45" 
p lane  a t  $2 > 30". General ly  more energy is  r e f l e c t e d  
i n  t h e  $ 2  = 135" p lane  than f o r  smoked MgO a t  same 
condi t ions .  
"Over-depolarization" f o r  incidence a t  $2  > 15" and 
f o r  f \  incidence a t  6 2  > 45". Otherwise, s i m i l a r  t o  
p of smoked MgO a t  same condi t ions .  B 
Very ~ ~ ~ - 2 5 f f u x  ~itlb; Liicc2Gsing D 2:: LLgh ~ a l u e s  
of e2 i n  both o2 = 45" and 4 2  = 13f"  planes.  
z a t i o n  almost complete f o r l i n c i d e n c e  i n  $2 = 45" 
plane. 
General ly ,  l 'over-depolarization" f o r  1. inc idence .  
Very incomplete d e p o l a r i z a t i o n  f o r  1 1  incidence.  
Depolari-  
ps f o r  J- inc idence  > pB f o r  11 incidence.  
% i n c r e a s e s  with 8 2 .  
f o r  02 = 70". 
pg(lj,lf) > %(l,-L) s l i g h t l y  
p B ( l , \ l )  and %(ll,b a r e  f a i r l y  d i f f u s e  i n  $2 = 135" 
p lane  but not  i n  $2 = 45" plane where r e f l e c t a n c e  
i n c r e a s e s  wi th  4 2 .  PB(L,I) and ~ ( l l , l l )  always 
i n c r e a s e  w i t h  8,. 
regarding r e l a t i v e  magnitude i n  both  p lanes .  
i s  g e n e r a l l y  h igher ,  however. 
"Over-depolarization" f o r  1. incidence f o r  82  > 15". 
pB(ll , l l)  > P ~ ( l , l >  by N- 25% a t  0 2  = 70". 
@(l,l) and pg Ji,l1) exchange places 
h(l,j) 
-A29- 
(pressed)  0.5 A29 45"&135"  General ly  same as f o r  smoked MgO a t  same condi- 
t i o n s  except  l a r g e r  v a l u e s  of p ~ .  
A30 90" General ly  same as € o r  smoked MgO a t  same condi t ions  
except  l a r g e r  va lues  of pg. Nearly complete . 
d e p o l a r i z a t i o n  f o r  1 incidence 
1.5 A36 45"&135" General ly  similar a s  f o r  smoked MgO a t  same con- 
d i t i o n s  except  cons iderable  l a r g e r  ( 2 5 % )  i n  
$2 = 135" plane.  
A37 90" L e s s  d i f f u s e  than smoked MgO a t  same condi t ions .  
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